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Abstract 
Humic substances are ubiquitous in nature, constituting the major fraction of organic 
materials present in soils. They are polymeric, polyelectrolytes and are known to form 
water soluble complexes with metals. Whilst their metal complexing ability has been 
widely studied, few studies have been conducted on their ability to transport metals 
through the terrestrial environment. Laboratory studies were undertaken to investigate 
those factors which may affect the transport of metal-humic complexes through 
columns of porous geological media. In the main, intact Clashach sandstone columns 
were used. The transport studies concentrated on europium (,s2Eu) complexed to 
humic material radiolabelled with 12sI, so that the measurement of both species was 
facilitated at low concentrations. In order to measure the sorption of both the metal 
and humic species along the column and in the effluent, a computer operated dual 
detector instrument was designed and built. Initial studies comparing two methods of 
introducing the complexes onto packed sand columns viz. injection and flooding 
suggested that for tracer studies both methods were acceptable. However for metal 
complex migration studies insufficient activity was recovered from the injection 
technique to produce meaningful results. The effect of humic coating, and the presence 
of iron within the column, on the recovery of various metal humate complexes from 
both packed and intact columns were investigated. The presence of humic materials 
greatly increased the recovery and mobility of the europium, but was found to retard 
the mobility of cadmium and zinc. The presence of iron both naturally occurring in the 
column materials and added to the packed columns as goethite was shown to greatly 
retard the mobility of europium, cadmium and zinc. The effect of flow rate and column 
length on the recovery of europium humate from Clashach sandstone cores was also 
studied. Europium recovery was found to be related to the flow rate through the 
column, suggesting a kinetically controlled sorption step. Europium recovery was not 
found to be directly related to the column length as a high proportion of the metal is 
sorbed within the first few centimetres. The recoveries and mobilities of europium 
humate complexes were then modelled using a simple model. Batch equilibrium 
experiments were conducted to determine the extent of sorption of metal humate 
complexes on both natural sands and on crushed Clashach sandstone of differing 
surface areas. 
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VB breakthrough volume cm3 
Vi velocity vector m S·l 
Vm mobile phase volume cm3 
Vp peak volume cm3 
Vs solute volume cm3 
V..d sedimentation velocity cm S·l 
Vw water velocity cm3 S·l 
w flow rate of the sink / source m S·l 
x distance m 
z. chemical formula of adsorption site no units 
1.0 Intr!,duction 
The investigation of possible processes affecting the mobility of metal pollutants in the 
Geosphere is becoming an increasingly important area of research. This has occurred 
for several reasons; concern over the possible leaching of toxic metals from the 
750000 t dry weight of sewage sludge annually applied to land in the UK (I), the need 
to determine risks to both population and groundwater aquifers from accidental 
spillages, the concern over leaching of heavy metals from previously contaminated sites 
such as town gas sites, and the need to prove the safety of underground disposal 
facilities for the disposal of nuclear waste throughout Europe. 
An understanding of the possible processes by which metals may migrate from a site of 
contamination, through the Geosphere and consequently back to man, is essential for 
the development of transport models required for the prediction of the mobility of such 
contaminants within the Geosphere in the long term. 
The potential for subsurface migration of contaminants depends on many site specific 
characteristics (such as disposal practices, hydrology, geology etc.) and on the 
chemical properties of the contaminants. However as research has progressed, it has 
been realised that speciation plays a major role in determining the transport of 
contaminants and pollutants through the terrestrial environment. 
For some contaminants, such as americium, plutonium and cobalt, migration in the 
subsurface environment can be markedly retarded by the association of the 
contaminants with aquifer or soil minerals through adsorption, ion exchange, or 
precipitation of solid phases. Significant mobility of such radionuclides has been 
observed however, at several contaminated sites (3, 22, 204, 205, 206). Such enhanced 
migration has been attributed to the transport of radionuclides as colloidal species, or 
as complexes with dissolved organic complexing agents. 
Clearly understanding speciation and factors which affect transport is critical for the 
accurate prediction of contaminant mobility in the subsurface. 
1 
1.1 Literature review of methods used for pollutant transport studies. 
There are currently three main methods for the study of pollutant transport; 
(i) in-situ studies of naturally occurring radioactive species, and / or anthropogenic 
materials introduced to a specific site to determine their mobility in a natural 
environment. 
(ii) column migration studies carried out in the laboratory. These allow smaller scale 
measurements of metal mobility and / or retention. 
(iii) batch adsorption studies carried out in the laboratory 
There have been numerous studies carried out using the methods described above. The 
types of studies carried out and the results obtained, where appropriate, are discussed 
below. 
I.l.a In-situ studies. 
In-situ studies of both naturally occurring, and anthropogenic species, can be used to 
gain a better understanding of the processes of contaminant mobilisation, transport and 
retardation in the Geosphere. These studies also provide a means of testing the 
thermodynamic databases and transport codes (130-146) which underpin safety 
assessment. Towards this aim a significant portion of the work published in the 
literature has been concerned with understanding the processes of contaminant 
distribution. Hence many studies have examined solute and / or tracer movements 
through groundwater, in both porous and fractured media (2, 6, 13, 15,21,23,26,34, 
66,88). For example, samples ofuranine and a tracer Rhodamine-WT were injected 
simultaneously into a granitic fracture in the Strippa abandoned iron mine in Sweden 
(88). The tracer was found to be delayed with respect to the uranine at all of the 
sampling boreholes. Further work to investigate the causes of this using high molecular 
weight tracers, e.g. blue dextran, non-sorbing tracers, e.g. bromide and iodide, and 
sorbing tracers e.g. Cs+, s.-2+, Eu3+, Nd (Ill), Th (IV), U (IV), and U (VI) was planned. 
The study of natural analogue sites has provided opportunities to monitor the transport 
behaviour of natural decay series radioisotopes in a variety of environments (4,10,11, 
30, 123, 255, 256, 257). The chief merit of researching such sites is the ease with 
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which concentration gradients, accumulated over long periods of time, and over large 
distances, may be measured. 
An example of such a study is that which has used the Needle's Eye site on the Solway 
Firth. The cliff at this site contains leachable pitchblende within polymetallic-carbonate 
veins which has acted as a source of soluble uranium (118, 119). Hydrogeological tests 
were conducted to determine the flow characteristics of the site (120). Sections of the 
sediments deposited at the base of the cliff were analysed by high resolution gamma 
spectrometry and alpha spectrometry (121, 122) to provide information on the 
distributions and disequilibria between uranium and its daughter isotopes. This data has 
been interpreted to give loss rate estimates for uranium from the cliff source area to the 
sediments below (123). 
The movement of radionuclides away from contaminated areas has also been studied 
(3,12,14,16,22,28,29,33,34,312). Other reported work has demonstrated the 
presence of naturally occurring colloids at a number of contaminated sites (2,4, 11, 
256,12,7,27,31,76,117,217,218). In several cases the presence of such colloids 
has been shown to be a contributory factor in the migration ofradionuc1ides (3, 4, 11, 
12, 22, 29, 34, 94, 74, 114, 213, 222, 224, 225, 226, 258). 
For example, investigations carried out at the Nevada Test Site (213), where 
groundwater samples were collected 300 meters from a nuclear detonation cavity 
showed that for K, Fe, Cs, Ba, La, and Pb, between 10% and 40% of the total 
elemental inventory was associated with colloids. For Mn, Co, Ce, and Eu, greater 
than 90% of each element was associated with the colloidal phase. 
At the Los Alamos National Laboratory (116), studies showed that both Am and Pu 
had migrated over 30 meters through volcanic tuff. Attempts were made to model the 
migration of Am and Pu both with, and without, colloidal transport. The results 
showed that such fast migration would be u~ikely in the absence of colloidal transport. 
A small number of research programs are now starting to monitor the behaviour and 
movement of colloids which have been introduced artificially into natural environments 
(259, 260, 261.) One such study was carried out, in which a range of colloids, 
including humic acids, silica, polystyrene-p-sulfonate, and polystyrene fluorescent 
beads, were placed in boreholes in a shallow unconsolidated glacial sand aquifer 
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between two clay horizons (259, 260). The migration ofthe colloids was then followed 
by sampling from a selection of boreholes. The experiments showed that not only were 
the colloids mobile, but that mobility differed greatly between the colloidal species. 
Several review articles have been written concerning the theory, methodology, and 
results of in-situ migration studies (1,5,8,9, 17, 18, 19,20,24,25). 
However, although large quantities of quality data may be obtained from these studies, 
the high cost, the long timescales required for the experiments, and the difficulties 
associated with interpreting the data obtained, obviously limits the feasibility of 
carrying out a large number of such studies. 
l.l.b Column studies. 
Column migration studies are increasingly carried out as preliminaries to in-situ 
experiments. Their smaller size and shorter timescales enables a greater number of 
processes affecting transport to be investigated. This means that a large number of 
column experiments and studies have been undertaken. Two main types of study may 
be carried out. (a) Diffusion studies where a column of the geological media of choice 
is contacted with the migrating species, and analysed at specified intervals, and (b) 
Advection studies, where the migrating species are pumped through a column of 
geological media at a specified flow rate and the eluant being continuously monitored 
for elution of the migrating species. 
1.l.b.(i) Diffusion studies 
Diffusion is defined as the movement of solute from regions of high solute 
concentration to regions oflower solute concentration. At sites where there are very 
low levels of groundwater flow, diffusion is expected to be the major transport 
mechanism (299). 
There are two types of experiments for the study of transport by diffusion. These are 
steady state diffusion experiments and transient state diffusion experiments. 
10 the steady state method a species is allowed to diffuse from a reservoir of spiked 
solution through a block of packed geological material in to a reservoir of unspiked 
solution (see figure 1.1). Initially the block is allowed to equilibrate with unspiked 
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solution to ensure that the sediment has become saturated, before a small volume of 
spiked groundwater is added to one of the reservoirs, (a small volume of unspiked 
groundwater is added to the other reservoir to ensure that the volumes are kept equal). 
The concentrations of diffusing species in each reservoir are determined at specified 
time intervals. 
, 
Figure 1.1: Steady state diffusion experimental set up. 
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A typical plot of the concentration in the initially unspiked reservoir is shown below in 
figure 1.2. 
Figure 1.2: Typical results obtained from steady state diffusion experiments. 
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The intrinsic ditfusion coefficient, D;, (ditfusion in the pore liquid only), is calculated 
from the gradient of the straight line portion of the graph. 
where V = volume of the unspiked reservoir (cm\ /= length of sediment block (cm), 
and A = cross-sectional area of sediment block (cm2). 
The breakthrough time, t 1, can be calculated from 
Pa 
11 = 6D (s) and a = B+ KdP (no units) 
, 
where ex = capacity factor (cm2 S-I/cm2 S-I), B= porosity (cm3/cm3) & P = density of 
the sediment (g cm-3)and K.t is the equilibrium distribution coefficient (cm3 g-I). 
This enables the apparent distribution coefficient, (overall ditfusion, including 
sorption), Da, to be calculated as 
In the transient state method the sediment is split into thin sections after a known time, 
and the solute concentration profile determined. 
There are three main transient state methods, instantaneous source, in-ditfusion, and 
infinite couple ditfusion. The most commonly used method is that of infinite couple 
ditfusion, because it produces rapid results and is a less complicated procedure than the 
other two methods. 
In this technique groundwater is spiked with the species of interest, and allowed to 
equilibrate with a sample of sediment, see figure 1.3. The spiked sediment (constant 
concentration Co), is then placed in contact with an unspiked sample of sediment. 
Sediment porosities should be similar on both sides so as not to induce flow. After a 
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period of time the initially unspiked sediment is sliced and the concentration of the 
species of interest is detennined and plotted against time, see figure 1.4. 
Figure 1.3: Transient state diffusion experimental set up. 
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Figure 1.4: Typical results obtained from transient state diffusion experiments. 
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If the contact point between the blocks is at x = O. The irutial condition is that at x > 0, 
the concentration of diffusing species is 0, and at x < 0 the concentration is Co. The 
solution is 
1 x 
C(x,t)=-Co·erjc fin\ 
2 2-J(D.) 
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i.e. at time t, a plot oferfc"(2C/Co) against x is a straight line through the origin, with 
gradient Y:2 (D.)o.,. Using this equation the apparent diffusion coefficient (D.), can be 
calculated. 
Similar diffusion experiments have been employed to study the movement of pesticides 
(300), herbicides, (301), and nitrogen (302), through soils. 
Research has also been carried out on radionuclide diffusion through a number of 
geological materials (32, 39, 62, 87). For example, the migration of uranium and 
plutonium through samples of Sherwood sandstone, has been studied in the presence, 
and absence, of celIulosic degradation products as part of the Nirex Safety Assessment 
Research Programme (39). The influence of ionic strength on the migration of radium 
was also studied by this technique within this work. 
The diffusive migration of strontium, technetium, iodine, and caesium through granitic 
rock has also been studied by the diffusion experiment technique (62). 
1.1.b.(ii) Advection studies. 
Advection is defined as the movement of particles in conjunction with the flowing 
groundwater. At sites where the rates of groundwater flow are not very low, advection 
is expected to be the major transport mechanism (299). The fundamental macroscopic 
law governing Newtonian fluid flow through a porous medium was established by 
Oarcy (124). 
Figure 1.5: Schematic representation of Darcy's Law of groundwater flow. 
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3 I H.-H2 Q = K1A (m s-) where I = I (no units) 
Where Q = volumetric rate of flow (m3 S-I), K = hydraulic conductivity (m S-I), 
I = hydraulic head gradient (m/m), A = cross sectional area through which flow occurs 
(m\ I = distance (m), HI = hydraulic head at position I (m), and H2 = hydraulic head 
at position 2 (m). 
In the form given, the equation provides a volumetric flow rate, but no velocity of flow 
from one point to another down the hydraulic gradient. To obtain this for unit cross-
sectional area, Q is divided by q, the effective porosity of the rock, (that part of the 
total void space which takes part in flow, for fractures this means the fractures only, 
and not the intergranular pore space). 
Advection studies are used to determine retardation factors for solutes in groundwater-
sediment systems. They can also indicate the mobility and recovery of particular 
species. The experimental set up (as shown in figure 1.6) normally consists of a column 
of sediment, (either an intact core, or a glass column slurry packed with sediment), 
attached to a pump by inert tubing. A suitable mobile phase is pumped through the 
column at a constant flow rate until the sediment has equilibrated with it. 
Figure 1.6: Advection studies experimental set up. 
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For a pulse input, an injection port is placed between the pump and the base of the 
column, and spiked eluant is injected into the flowing mobile phase. The concentration 
of migrating species in the column outlet is continuously monitored, either by fraction 
collecting, or by using a flow-through detector connected to the column outlet see 
figure 1. 7. 
Figure 1.7: Typical results of pulse input experiment. 
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For a constant source input, the flow through the column is temporarily halted while a 
reservoir of spiked mobile phase is exchanged for the unspiked mobile phase which has 
been passing through the column. The flow is then restarted and the concentration of 
migrating species in the column outlet is determined with time, allowing for the dead 
volume of tubing between the reservoir and the column. This is known as 'up-flooding' 
the column. Once a plateau region has been reached the flow is again interrupted, and 
the reservoir switched back to unspiked mobile phase. The flow is re-started and the 
decrease in concentration of migrating species in the column outlet is determined with 
time. This is known as 'down-flooding' the column see figure 1.8. 
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Figure 1.8: Typical results of constant source input experiment. 
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Column experiments provide information on solute-sediment interactions in the form of 
a retardation factor. This is calculated as the ratio of the solute velocity (V.) relative to 
the mobile phase velocity (V m), (93). 
For a pulse input, the Rc can be thought of as the number of pore volumes required to 
reach the peak solute concentration in the outlet. This is equal to the volume required 
to reach the peak solute concentration in the outlet, divided by the volume of the 
column pore space. 
For a continuous source input Rc is equal to the volume required for the solute 
concentration in the outlet to reach 50"10 of the concentration in the inlet, divided by 
the volume of column pore space. 
The volume of column pore space can be determined from both the static porosity and 
the effective porosity. Assuming that the sediment is saturated with water at 25°C, the 
static porosity is determined by measuring the difference in weight between the 
saturated and dried sediment, and using this in the equation: 
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wet mass - dry mass 
Static Porosity = (total volume from column dimensions) * Pw 
where the density of the pore water is assumed to be I. 
The static pore volume is given by the differences in mass, whereas the effective pore 
volume is equal to the elution volume of conservative tracers such as tritiated water. 
Hence effective porosity is calculated as: 
Effective Porosity 
Elution volume of conservative tracer ( 3/ 3) 
= .. cm cm 
total volume from column dImensIOns 
However the flow rate of groundwater has an effect on the effective porosity, with a 
decrease being observed at high flow rates, (303). A lower limit to the groundwater 
velocity is recommended to minimise the effects of dispersion and diffusion such that 
peak dispersion is small compared to column length. 
D V > 80- (cm S·I) 
W - L 
where D is the diffusion coefficient in cm2 s·\ and L is the length of the column in cm. 
The effective porosity of short columns is affected at much lower groundwater 
velocities than longer columns. Relyea (93) is one of the very few authors to have 
conducted a study of column behaviour under differing physical conditions. A series of 
experiments in columns with lengths 8 times the diameter of the column, showed no 
decrease in effective porosity, with groundwater flow rates of up to 4000mlyr. To 
ensure that the effective porosity remains constant, Relyea (93) determined that the 
column length needed to be at least 4 times the column diameter, and that to avoid 
other velocity effects such as channelling, the column diameter needed to be at least 30 
times the particle diameter of the solids used to pack the column. 
A common application of advection studies is in the determination of groundwater 
flow characteristics, where conservative tracers are injected into a column of sediment. 
Conservative tracers are often used for comparison when the movement and retention 
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of reactive tracers or solutes are studied. Many studies have followed the behaviour of 
solutes, such as chlorine-36, nitrates, and herbicides, through different media (44, 47, 
48,49,61,65,89,98). For example the migration of nitrates and chlorine-36 through 
disturbed and undisturbed soil columns of Aberdeen loam showed the advantages of 
using undisturbed soil samples for column experiments when possible (47). 
The movement of various metals through soil/sand columns has also been monitored 
in the absence (50,57,58,72,84,85,86,90,92,96,97, 100, 104, 105,107, 109, 
113), and in the presence (32, 36, 41, 42, 43, 51, 55, 56, 63, 68, 69, 71, 73,74,75, 
110), of groundwater colloids. For example the leaching of chromium from 
contaminated soil samples was studied by Davis & Olsen (50), the migration of 
strontium and barium through granite (57), and through colemanite (58), was studied 
by Hatipoglu et ai, and the migration of uranium through Clashach sandstone has been 
studied by Read et al (92). Studies by Warwick et al (32), and Bidoglio et al (43), 
showed that the presence of organic colloids had little effect on the migration of cobalt 
through packed sand columns. However studies by Gutierrez et al (55) showed 
enhanced migration of neptunium through granite in the presence of natural organic 
matter. Investigations by Bidoglio et al (42) showed an enhanced release of plutonium 
in humic acid containing solutions compared with organic-free groundwaters, and 
Jandl et al (63), showed that there was an enhanced mobility of americium leaching 
from contaminated podsol soil in the presence of humic acids. 
These studies show that the influence of groundwater colloids on the migration of 
metals is significant, and several review papers on this subject are available (38, 82, 
95). 
Work is consequently being carried out to define the movement of colloidal species 
through porous media (35,37,70,81,83,91,94, 101, 103, 108, Ill, 112, 114). For 
example, the effect of humic acid on the deposition rates oflatex colloids within 
packed columns of quartz sand has been studied by Amirbahman & Olson (37). The 
influence of colloid size and the effect of ionic strength on the migration of latex 
colloids through quartz sand has been studied by Nagasaki et al (83), and the effect of 
temperature on the transport of colloidal bacteria and microspheres through aquifer 
sediments has been studied by McCaulou et al (81). 
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Similarly the theory of transport, and the influences of pore velocity etc. are 
increasingly studied with the aim of obtaining a greater understanding of the processes 
involved (45, 49,52,59,67,77, 78, 79, 80, 93, 105, 106, 107, 115). Consequently 
modelling of transport through columns is becoming increasingly advanced (35, 40, 46, 
47,53,54,59,60,64,65,72,93,94,95,96,99, \02, 104, 105, \06, 107, 108) 
although this will be discussed in more detail later in this thesis. 
1.1.c Batch Studies 
Batch sorption methods are often used to determine the partitioning of a solute 
between a solid and a liquid phase. These studies have become widely used as they can 
provide quantitative data in a relatively short period of time. The studies usually 
consist ofa solid phase (e.g. ion exchanger or sediment etc.) which is allowed to come 
into contact with a sample of solute- spiked groundwater for a specified period of time. 
This time is often pre-determined to allow sufficient time for the phases to reach 
'equilibrium'. The phases are then separated and the concentration of solute remaining 
in the aqueous phase is determined. It is unlikely that laboratory sorption experiments 
of solute on to geological media would attain the equilibrium conditions likely to be 
achieved in-situ over many years. However, a pseudo-equilibrium is likely to be 
achieved in the time periods studied in these experiments. The distribution of a solute 
between the two phases is expressed as Rt, the distribution coefficient, where 
(CO-C)(V) 3-1 
Rd = C M (cm g) 
Where Co = Initial concentration of solute in solution (cpm cm-\ 
C = Final concentration of solute in solution (cpm cm-\ cpm = counts per minute, 
V = Volume ofliquid phase (cm\ & M = Mass of solid phase (g). 
A standard method for batch experiments was proposed by Seme & Relyea (298), 
after an interlaboratory comparison exercise by nine members of the waste-rock 
interactions programme. They concluded that the differences in distribution coefficients 
observed for similar systems were due to uncontrolled parameters such as the method 
oftracer addition to the solution, the solid-solution ratio, initial tracer concentration, 
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particle size distribution, phase separation, sample containers, and temperature. The 
method they suggested involved using a specific solid-solution ratio of 19 to 30cm3 and 
shaking horizontally at 0.8 - 1.2 oscillations per second, for seven days at a known 
temperature. Phase separation was achieved by centrifugation of the batch sorption 
vials for 20 minutes at 10,000g or more, followed by filtration of 15cm3 of the 
supernatant through a prewashed 0.45J.1m polycarbonate filter. 
Although the above method should be considered, it is necessary to allow some 
flexibility in the batch sorption technique. The solid-solution ratio used will depend on 
the nature of the sorbing species, i.e. a highly sorbing species may require a smaller 
solid-solution ratio in order to provide reasonable counting statistics, while the 
equilibration time allowed may need to be greater than seven days. 
As mentioned earlier this type of study is widely used as it provides rapid quantitative 
sorption data, which has led to a large number of publications appearing in the 
literature. Typical examples of the work carried out using this technique are given 
below. 
Several studies have examined the adsorption and / or desorption of metal species from 
sediments (304,306, 307, 308, 338). For example A1berts et al (308) showed that the 
distribution coefficient for curium on natural sediments was strongly pH dependent, 
with a peak value occurring between pH 5 and 6. Burton et al (304) determined the 
distribution coefficients for the desorption of actinides from intertidal sediments of the 
Ravenglass Estuary in to 'inactive' sea-water taken from the North Sea. The work has 
indicated that the Ravenglass Estuary sediments are acting as a source of radionuclides 
to the Irish Sea. 
Other studies have measured adsorption coefficients for metal species on to clay (309, 
324,349), soil (315, 317, 318, 319, 343, 348, 349, 351), rock (228, 305, 311, 314, 
342, 149, 169, 179) and natural mineral phases (252, 320, 323, 326, 331, 332, 344, 
347,149,152,153, 161, 163, 177, 196, 198,348,351,201,199,182,180,167,154). 
For example, Lang et al (305) showed that the sorption and desorption ofr, S('+, Cs+, 
and CO/-, on to crushed rock samples was independent of grain size. The role of iron 
minerals in the sorption of uranium on to weathered schist samples has been studied by 
Payne et al (311). The influence of ionic strength and sulfate complexation on the Kd 
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obtained for europium sorption on to clay was studied by Maes and Cremers (309) 
while the effect of calcium concentration, magnesium concentration, and pH on the 
sorption of nickel from a synthetic groundwater on to various materials has been 
studied by Ticknor (228). 
Other studies carried out using this method include the sorption oftracers on to rocks 
and soil (305, 310) and the sorption of organic species such as humics, pollutants, and 
herbicides on to soils, rock, clays and minerals (316, 327, 328, 330, 333-336, 345, 
151,159,162,164,165,184,186,189,190,192, 203). Factors influencing metal 
adsorption coefficients such as the presence of organic species (312,323,324,326, 
331,332,343,344, 149, 150, 158-161, 163, 169, 179, 197,201, 180) and the effect of 
physical parameters such as ionic strength and surface area (309,314,322,326,328, 
331-335,342,149,152,161,163,185,191,196,348,180, 154) have also been well 
documented. 
Other methods aside from the laboratory batch method can be used to determine 
adsorption coefficients including flow through cells (174) and in-situ methods (313, 
325,350). However there are methodological problems associated with the in-situ 
determination ofRd values and this has been emphasised by some authors (173,187). 
A review of the available techniques has been published (188). 
1.2 Humic Substances 
The potential role of colloidal particles present in groundwaters to enhance the 
migration ofcontarninants has become widely recognised (38, 82, 208-211, 213). 
Colloids are defined as particles so small that they behave in some respect like 
molecules, or molecules so large that they behave in some respect like particles (214). 
Other definitions regard colloids as aggregates with a size range from I nm to as large 
as103 to 10' nm (215), or as particles in the size range 1O-31lm to 1 Ilm (213). IUPAC 
defines a colloid as a particle in which one or more of its dimensions lie within the 
range 1 nm to 1000nm. However size fractionation is not a sufficient criterion to define 
colloids. The essential property of colloids is metastability, (stability as a result of an 
energy barrier), for long periods of time. Colloids which do not possess this property 
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are of much less importance in water chemistry and hydrology because they will settle 
in non-agitated water and they will not be transported over large distances in slowly 
flowing groundwater (74). 
Based on composition, two types of colloids are distinguishable in colloid chemistry: 
type I (or intrinsic) colloids consist essentially of compounds of the element 
considered, type IT (or carrier) colloids are built up of compounds of other elements. 
Thus with respect to trans-uranic elements, colloids formed by aggregation of 
hydrolysed trans-uranic ions are intrinsic colloids and colloidal clay minerals, metal 
(hydr)oxides, polymers of silicate, or colloidal organics combined with trans-uranic 
elements are carrier colloids. Intrinsic and carrier colloids of trans-uranic elements are 
often referred to as real colloids and pseudo-colloids respectively. 
Natural colloids are present in relatively large concentrations in waters of diverse 
geological environments. Typical particle concentrations obtained from case studies 
are: 1010 particles per litre classed as colloids in granitic rock fractures in Switzerland 
(217), and > 1 012 particles per litre colloids in a sandy aquifer on Cape Cod 
Massachusetts (218). 
If colloidal particles at these high concentrations are mobile over long distances then 
these particles can potentially facilitate contaminant transport. 
Aside from the inorganic colloids present in groundwaters, the most important class of 
natural colloids present are the humic substances. 
Humic substances comprise a general class of biogenic, refractory, yellow-black 
organic substances that are ubiquitous, occurring in all terrestrial and aquatic 
environments. They also constitute the major organic content of soils. Electron 
microscopy studies have shown that humic and fulvic acids fall within the colloidal size 
range with particle diameters of humic and fulvic acids varying between 1 and 10nrn. 
However some of the lower molecular weight fulvic acids are too small to be classed 
as colloids. (262). 
Humic acids are coiled, long-chain molecules, or two or three-dimensional crosslinked 
molecules whose size and shape and diffusion coefficients are influenced by pH and 
ionic strength. Under pH-neutral or slightly alkaline conditions, the molecules are in 
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their fully expanded hydrophilic state because of mutual repulsion of charged acidic 
. groups; at low pH, by addition of metal ions, and at high salt concentration, 
contraction occurs because of charge reduction and release of solvation water. The 
humic molecules become more hydrophobic and molecular aggregates are' formed 
which may precipitate. Several authors such as Kleinhempel (207) have attempted to 
predict theoretical structures of humic substances. 
Figure 1.9: Kleinhempel's structural model for soil humic acid. 
An important feature of the chemical structure of'humic and fulvic acids is the 
occurrence of particular surface groups, exhibiting a strong tendency to form 
complexes with inorganic and organic pollutants (263-265), particularly with 
polyvalent metal cations (220, 221, 223, 227-245). The strength of the binding 
constants for these complexes has been studied by a variety of methods including batch 
techniques (336, 148, 166, 168, 178, 179, 156), ion exchange (329, 337, 194), titration 
(183), ultrafiltration (329, 195), solvent extraction (200), laser induced time resolved 
spectrofluorimetry (339, 171, 176, 193, 195, 181), IR spectrometry (170), equilibrium 
dialysis-ligand exchange (340, 172), UV spectrometry (195, 202), gel chromatography 
(341, 175), and voliammetry (346). Several mechanisms for the metal - humic 
interaction have been proposed (250, 251), including salicylate-like ring interactions 
. and phthalate-type complexes with adjacent carboxyl groups on aromatic rings. The 
complex binding capacity of humic and fulvic acids for heavy metals varies between I 
and 5 mol per kg. (266). 
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The interaction of cations with humic substances may produce water soluble 
complexes ofhjgh mobility (246-249). However, humic substances may also retard 
cation migration when the resulting complex is sorbed on to mineral surfaces. Hence 
humic substances are able to strongly affect the mobility of metallic elements in 
environmental systems. 
1.2.1 Definition of humic substances 
Humic substances do not correspond to a unique chemical entity and, accordingly, 
cannot be described in unambiguous structural terms. Similarly, humic substances are 
not designed to carry out a specific action and therefore cannot be defined in functional 
terms. As a result, humic substances must be defined operationally. This has led to a 
multitude of definitions and much remains to be done to standardise terminology within 
different areas. With this in mind, a definition of terms used within this thesis are 
presented here: 
Humic Substances 
A general category of naturally occurring, biogenic, heterogeneous organic substances 
that can generally be characterised as being yellow to black colour, of high molecular 
weight, and refractory. 
There are three major fractions of humic substances, which, once isolated from the 
environment, are defined in terms of their solubilities: 
Humin 
That fraction of humic substances that is not soluble in water at any pH value. 
Humic Acid 
That fraction of humic substances that is not soluble in water under acid conditions 
(below pH 2), but becomes soluble at greater pH. 
FulvicAcid 
That fraction of humic substances that is soluble under all pH conditions. 
Water solubility is an effective criterion because of its dependence on important 
chemical characteristics, such as acidic functional group content, molecular weight, 
and aromaticity. 
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Since humic substances are defined in operational terms on the basis of their aqueous 
solubility as a function of pH, those humic substances isolated from different sources 
will be different, and will vary as a function of many factors such as the nature of the 
soil, sediment or water source, climatic and botanic environment, and depth of burial. 
The problem is increased by the fact that it is necessary to use different methods for 
extracting bulk solid samples, such as soils or sediments, than for extracting from 
aquatic sources. However, even for a given type of substrate, for example soil, there is 
a very wide range of techniques covered in the literature. These differ in tenns of the 
pH values of the extractants, the nature ofthe chemicals used to prepare the extracting 
solutions, the presence or absence of complexing agents in the extractant, temperature, 
and duration of extraction. 
The variability in humic substances, resulting from these differences in source 
materials, extractive techniques, and fractionation techniques makes comparison of 
experimental results difficult. There even appears to be differences between batches of 
the same humic material. Therefore throughout this work a strict control has been 
maintained to ensure that only one batch of the commercially available humic acid 
(A1drich) has been used. 
Since the work contained within this thesis does not apply to a particular geological 
site it was deemed appropriate that a non-site-specific humic acid be used. For this 
reason the readily available A1drich humic acid was purchased. This would also allow 
for the intercomparison of experimental results with other authors as commercial 
humic acids are currently being used extensively in environmental, water, and analytical 
chemistry for this reason (274-292). For example Garbarini & Lion have studied the 
binding of non-ionic pollutants by humic acid supplied by ICN (282), while Shanbhag 
& Choppin (283), have studied metal complexation by A1drich humic acid. 
Objections have been raised regarding the use of commercial humic acids in soil and 
water research by Malcolm & MacCarthy (273). In their study seven commercial 
humic acids were compared with humic and fulvic acids extracted from streams, soils, 
peat, and rocks. Cross-polarisation and magic-angle spinning BC NMR spectroscopy 
showed pronounced differences between the commercial samples and the 'natural' 
samples. However the elemental analysis and IR spectroscopic data does not clearly 
indicate differences. 
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1.3 Modelling 
Consideration of the simultaneously occurring processes of fluid tlow, transport, and 
chemical reactions in a heterogeneous medium with a complex geometrical 
configuration necessitates the use of a computer code to predict the distribution of 
chemicals in groundwater. After proper calibration such codes can be used to model 
the present state of a groundwater system or to examine the response of the system to 
a specified situation. Hydrogeochemical codes may be used, for example, to examine 
the extent of contamination from the operation of a waste disposal facility, or to 
determine the most effective processes for the remediation of existing groundwater 
contamination. The identification of the dominant processes, the values of hydrological 
and geochemical parameters, and the nature of initial and boundary conditions can be 
checked through the simulation of an existing contaminated groundwater system, and 
this serves to validate the conceptual model of the system. The transport and fate of 
chemicals released in the groundwater environment are dictated by hydrological 
processes for their migration in the subsurface, and by physical, geochemical, and 
biological processes for their attenuation and transformation. The figure below 
describes these transport processes schematically in two dimensions. The relative 
magnitudes of the bulk-phase transport processes are suggested by the widths of the 
corresponding arrows. 
Figure 1.10: Mechanisms of mass transport and transfer. 
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Only the hydrological, physical and geochemical processes relating to transport will be 
discussed in this thesis. 
1.3.a Hydrological processes. 
Hydrologic transport is divided into advective, dispersive and diffusive components. 
The mean movement of a mass of contaminant with flowing groundwater is described 
by an advection term, with any deviations from the mean being characterised by a 
dispersion term. At very low ground water flow rates, the movement of the 
contaminant is described by a diffusion term. This has evolved due to the 
impracticalities of producing a detailed hydraulic characterisation of the subsurface for 
each site. 
These processes also influence the extent of the contaminated zone and the magnitude 
of any remediation efforts that may be necessary. Therefore the application of 
hydrogeochemical computer codes for contaminant impact predictions require an 
accurate representation of these processes to ensure reliable results. 
1.3.a.(i) Advection. 
Groundwater moves in response to variations in head from one point to another. Under 
natural conditions head differences are most frequently produced by topographical 
effects, i.e. simple height differences giving rise to hydraulic pressure gradients down 
which water moves. Head differences may also be produced by the presence of zones 
of rock with different hydraulic conductivity. The hydraulic conductivity of a rock is a 
function of the size and degree of interconnection of its pores and fractures. The 
smaller and more tortuous the structure of the pores, the greater the surface effects 
within the pores and the lower the hydraulic conductivity. 
The simplest mathematical models of ground water movement are analytical solutions 
ofthe flow equations which assume uniform rock and hydraulic properties. Hydraulic 
gradient and head gradient are linked in the equation defining the simplest form of 
Darcy's Law for flow through porous media as presented on page 8. 
Obviously the transport of particles governed only by advection will be described by 
this equation. However the average velocity of colloidal species has been shown to be 
greater than the groundwater velocity, because of the hydrodynamic chromatography 
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effect (38, 269). Due to their size, colloids can not closely approach the walls of the 
solid medium. They are therefore not subjected to the slower velocities existing within 
the groundwater. 
Figure 1.11: Velocity profile for colloids of different radii: the hydrodynamic 
chromatography effect. 
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To describe a three dimensional advection situation a generalised vector is used, where 
Ni and v are the resultant vectors of flux and velocity respectively, and C. is the 
concentration of substance i. 
1.3.a.(ii) Dispersion. 
Dispersion describes the spreading of a solute about its centre of concentration as the 
solute moves through a network of fissures or a complex interconnected pore 
structure. Dispersion is dependent on the fracture pattern or pore structure and the 
variation of hydraulic parameters within the volume of rock being considered. It results 
from mechanical dispersion and molecular diffusion occurring at the microscopic level 
due to properties of both the fluid and the material in which the flow is occurring. The 
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term hydrodynamic dispersion is used to denote the resultant spreading at the 
macroscopic level. 
Hydrodynamic dispersion 
When a tracer is injected into a system undergoing saturated flow through a porous 
media, the tracer gradually spreads and occupies an ever increasing portion of the flow 
domain, beyond the region it would be expected to occupy according to flow alone. 
This spreading phenomenon is known as hydrodynamic dispersion. It is a non-steady, 
irreversible process in which the tracer mass mixes with the non labelled portion of the 
liquid. The dispersion phenomenon may be demonstrated by a simple laboratory 
experiment. Consider steady flow in a cylindrical column of homogeneous sand 
saturated with water. At time t = 0 a tracer starts to displace the original unlabeled 
water in the column. The tracer concentration [C = C(t)] at the end of the column is 
measured and presented as a breakthrough curve showing the relationship between the 
relative tracer distribution e and time t, or volume of effluent u. 
Where Co and Cl are the tracer concentrations of the original and the displacing water 
respectively. 
Figure 1.12 Breakthrough curves for one-dimensional flow in a sand column. 
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In the absence of dispersion the breakthrough curve should have taken the form of the 
broken line shown in figure 1.12 where Uo is the pore volume of the column and Q is 
the constant discharge. Owing to hydrodynamic dispersion it will take the form of the 
s-shaped curve shown with a full line. 
Mechanical dispersion 
However not all of the above observations can be explained by the effects of the 
average Darcy flow. Events at the microscopic level i.e. inside the pores are also 
important. Velocity varies in both magnitude and direction across any pore cross 
section, with zero velocity on the solid surface and a maximum velocity at some 
internal point. The maximum velocity itself varies according to the size of the pore. 
Because of the shape of the interconnected pore space the microscopic streamlines 
fluctuate with respect to the mean direction of flow (i.e. around particles and grains in 
the flow path.) These phenomena cause the spreading of tracer particles. As the flow 
continues the tracer will occupy an ever increasing volume of the flow domain. The 
spreading takes place both in the average flow direction and perpendicular to the 
average flow. This spreading caused by the velocity variations at the microscopic level 
is referred to as mechanical dispersion. An additional mass transport phenomenon 
which occurs simultaneously with mechanical dispersion is that caused by molecular 
diffusion resulting from variations in tracer concentration. Molecular diffusion 
produces an additional movement of tracer particles (at the microscopic level) from 
regions of higher concentration to those oflower concentrations. 
Bear and Bachmat (356) employed a model composed ofa network of interconnected 
capillary tubes, and derived the following expression for the relationship between Om, 
the coefficient of mechanical dispersion, and the porous matrix geometry, the flow 
velocity and molecular diffusion. 
VtVm - liT! Dmij = aijtm V f(Pe,o) where V = VI is the average velocity, 
LV 
Pe = Peclet number", D ' L being a characteristic pore length (m), Dd = coefficient of 
d 
molecular diffusion of the solute in the considered liquid phase (m2 S·l), 0 = ratio of 
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length characterising an individual channel of a porous medium to its hydraulic radius 
(m/m), andf(pe, 8,) is a function which introduces the effect of transfer by molecular 
diffusion between adjacent streamlines at the microscopic level. This effect is coupled 
with mechanical dispersion. This is separate to the macroscopic flux due to molecular 
diffusion in a porous medium expressed by Ficks law for molecular diffusion as 
detailed below. 'Pure' mechanical dispersion carmot exist, as molecular diffusion will 
act both between adjacent streamlines and along them. When conceptual models are 
constructed for the movement of a solute, this molecular diffusion is taken into account 
at the elementary model unit (i.e. the capillary tube) thus introducing the effect of 
molecular diffusion through a Peclet number Pe in the expression for the coefficient of 
mechanical dispersion. 
The coefficient of hydrodynamic dispersion ~ is defined as the sum of the coefficients 
of mechanical dispersion and molecular diffusion in a porous medium Dd' 
1.3.a.(iii) Diffusion. 
At steady state, diffusion is described by Ficks first law which states that the diffusive 
solute flux Ni is directly proportional to the solute concentration gradient. Hence, 
although the movement of molecules due to Brownian motion is random, net 
movement of the molecules of substance i between two points separated by a distance 
dx will only occur if there is a net difference in the concentration C, of molecules at 
those two points. 
de I 
Ni oc ~ (mol r ) 
The free liquid diffusion coefficient D/ (m2 S·I) is a measure of this movement, and 
depends on temperature, the dynamic viscosity of the fluid, and the size of the solute. 
26 
Using the Stokes-Einstein diffusion equation for a spherical molecule of diameter d, 
(m), given below 
N,= 
the diffusion coefficient of solute i (DJ,i) can be defined as 
where kB = Boltzmann constant (J KI), T = Temperature (K), and 11 = fluid viscosity 
(k -I -I) gm s . 
From this equation it can be seen that the diffusion coefficient is proportional to the 
reciprocal value of the particle diameter. Therefore diffusion may play an important 
role in causing collisions between colloids, and possibly attachment of colloids to solid 
geological materials. 
Diffusion through multiphase media such as the internal space of a porous solid is more 
complex than free diffusion through fluids. Pores may follow tortuous paths such that 
actual diffusion distances are greater than linear travel distances, x. The tortuosity 
factor, t, is used to adjust length dimensions to account for such effects. Substitution 
of tx for x in Ficks first law (as shown above) gives 
D, dC dC 1 2 1 
Np=--;dx=-Dp.,dx (molrms-) 
where Np is the flux within the internal pores, and Dp .• = Dp/t is the effective pore 
diffusivity. Continuity relationships require that the internal flux must be related to the 
flux at the external surface, i.e. 
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where Ed is the porosity of the diffusion domain (a dimensionless quantity). Flux is 
normally measured external to the diffusion domain, therefore 
in which De is the effective diffusivity which is given by 
The effective diffusivity must be measured experimentally. As the solid limits the 
diffusive motion ofthe particles, the effective diffusivity is lower for a porous medium 
than for free water. The effects of diffusion may be quite marked over the extensive 
pathways followed at the slowest rates of groundwater flow, however they will still be 
small when compared to the effect of dispersion. 
To summarise, in situations such as column experiments with flowrates in the order of 
10 cm3 h'\ advection will remain the dominant transport mechanism with dispersion 
playing a small role. However it is likely that under the low groundwater flow rates 
found in nature that dispersion and in some cases diffusion will become increasingly 
important. 
l.3.b Physical and geochemical processes. 
During their transport by advection, dispersion and diffusion, water borne 
contaminants will be brought into contact with the components of the environment, 
and both physical and geochemical processes will determine the fate of these 
contaminants. The mobilisation of contaminants through dissolution and desorption, or 
their attenuation through precipitation and sorption reactions will determine the extent 
and level of contamination of both water and geological media. Therefore models of 
subsurface contamination distributions require the representation of physical and 
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geochemical processes as well as hydrologic processes in computer codes in order to 
predict the transport of contaminants through the terrestrial environment. 
1.3.b.(i) Filtration. 
A critical value describing the transport of particles through a porous medium is the 
ratio of the mean grain diameter of the solid medium (CPs) to the mean particle diameter 
(cjIp). The migration of particles will be possible only if their size is small compared to 
the mean pore diameter (267, 268). For particles comparable in size to the porous 
medium grain size, penetration into the medium will not occur, and a surface cake will 
be formed at the inlet of the medium. 
Where particles are small enough to enter the porous medium, they may be 
mechanically removed by straining in smaller pore spaces. Straining occurs because 
some pore sizes are smaller than the particles, and blocking of the passage for the 
following particles occurs, even if these are of smaller size. Little decrease in 
permeability is expected, but this situation often leads to the formation of a surface mat 
due to straining near the surface. For very small particles (compared to the porous 
medium grain size) physico-chemical effects between the particles and the surface of 
the solid medium play the most important role. Minor effects are observed on 
permeability, and particles can be transported through the porous medium. 
Colloidal particles, even in very fine sand beds, have an average colloidal size very 
much smaller than the grain size of the medium, (cilslcilp» 100). Therefore colloids are 
unlikely to be retained due to filtration effects. 
1.3.b.(ii) Sedimentation. 
All particles are subject to the earth's gravitational force and therefore 'settling' of the 
particles will occur. This is partially offset by the buoyancy of the particle. Taking 
gravity, buoyancy and frictional forces into account leads to Stokes Law: 
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Where Vood = Sedimentation velocity (cm S-I), Pc = colloid density (g cm-3), PI = liquid 
density (g cm-\ <f>r, = particle diameter (cm), g = acceleration due to gravity (cm S-2), 
and 11 = fluid viscosity (g cm-1 S-I). 
From this equation it can be seen that the sedimentation velocity is proportional to the 
square of the particle diameter, i.e. larger particles will sediment faster. 
1.3.b.(iii) Matrix Diffusion. 
Effective porosity is described as the porosity which allows advective flow. In a 
fractured rock the effective porosity might be only 0.1 % of the rock by volume, 
whereas the total porosity may be up to 2% or more. In this case only 5% of the total 
water contained in the rock is 'flowing' the remaining 95% is static. The water flowing 
along a fissure system is in contact with a large reservoir of static water and any 
components in the moving water will be free to diffuse down concentration gradients 
into the main body of unfractured rock, subject only to the constraints set by the pore 
dimensions. 
Diffusion is the only mechanism by which components can return to the flowing stream 
and this can only take place once the concentration gradient is reversed, i. e. when the 
concentration in the static waters exceeds that in the flowing water. There have been 
many studies of this phenomenon (126,53, 128) and their results indicate that this 
could be an extremely effective mechanism of retardation by physical means alone. For 
very small particles (less than a few microns) matrix diffusion may also be the 
mechanism responsible for bringing particles in to contact either with other particles, or 
with the pore walls. 
1.3.b.(iv) Direct Interception. 
Interception occurs when hydrodynamic forces make the particle collide with the rock 
matrix due to the tortuosities of pore geometries. Due to their small size colloidal 
particles follow streamlines close to the wall of the medium. Non uniform drag forces 
may act on particles due to a varying shear-field (271), causing them to come into 
contact with the pore walls. This form of interception may also be important for larger 
particles. 
30 
1.3.b.(v) Precipitation and dissolution. 
Precipitation and dissolution are the processes by which a chemical enters or leaves the 
aqueous phase. The presence of trace metals in many solid geological materials has an 
important influence on the aqueous concentration of these metals. A knowledge of the 
partitioning of metals between mobile and immobile forms is fundamental to the 
accurate simulation of a contaminant plume. Factors that effect the precipitation and 
dissolution processes are pH, type and concentration of complexing ligands, oxidation 
state of mineral components, temperature and pressure. 
Solubility reactions that describe the partitioning of mass between aqueous and solid 
phases can be written as 
N 
D, ~ blIP' +b"P,+ ....... bINPN or more concisely D. ~ ~),"Pj 
j-l 
where 0. = chemical formula of the precipitated solid phase k, h.j = stoichiometric 
reaction coefficient that indicates the number of moles of Pj required to form one mole 
of the solid phase 0.. 
For example 2H,O + SiO,(s)(am<»Ph) ~ H.SiO.(aq) 
Which is defined by the equilibrium solubility product K", where 
N 
napjbl;j 
Ksp = -,,-i=_l __ 
aD' 
where IIpj is the activity of the species Pj, and aDk is the activity of the solid phase which 
equals unity. For the above example: 
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1.3.b.(vi) Complexation. 
Complexing ligands react with aqueous metal ions to form soluble complexes or 
insoluble phases. Some important complexing ligands to be considered in groundwater 
contamination problems are chloride, sulfate, bicarbonate, and sulfide species. The 
formation of metal ligand precipitates can alter the distribution of trace metals in the 
aqueous phase of a plume. As weU, the formation of soluble complexes may act to 
dissolve other insoluble phases resulting in an increased aqueous metal concentration. 
Therefore, complexation reactions are an essential inclusion in computer codes. The 
degree to whi.ch these reactions occur depends on the metal ion concentration, 
inorganic anion concentration, the concentration of dissolved oxygen and pH, (I 29). 
Aqueous complexation reactions involving charged complexes and ion pairs can be 
represented by the relation 
N 
Si ~ bilP. +bi,P,+ .... +biNPN or more concisely Si ~ ~)'/j 
jet 
where Si = chemical formula of species i, bij = stoichiometric reaction coefficient, and 
Pj = chemical formula of component j. 
For example 3NaC/(aq) + EUEDTA(aq) ~ EuC/3(aq) + Na3EDT~(aq) 
This is defined by the equilibrium constant Ki , where a,. and IIpj are the activities of 
species i and component j respectively. 
N IT a Pi bij 
K. = -'.i--==' __ 
, a. 
~ 
{Eu 3+} {EDTA 3-} 
. which for the above example Ki = {EuEDTA} 
The mathematical formulation utilising the equilibrium constant approach was 
presented by Brinkley, (314, 342) and Kandiner and Brinkley (272). 
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1.3.b.(vii) Sorption and Desorption. 
Sorption is the accumulation of matter at the solid-water interface. 
Three kinds of sorption mechanisms can be distinguished for the sorption of trace 
metals on to solid surfaces. 
• Physical adsorption may occur due to the non-specific forces of attraction between 
the sorbent and the solute. This sorption results in the binding of the solute to exposed 
surfaces in several consecutive layers. The adsorption process would be rapid and 
reversible. 
• Chemisorption may result from the action of chemical forces between the solute and 
the sorbent. This would be a specific, concentration dependent, and possibly slow and 
irreversible process. (The specific chemical interactions involved are very often 
difficult to distinguish. The dipole-dipole interactions and the London / van der Waals 
forces are generally included in these chemical interactions due to the short distance 
over which they act.) 
• Electrostatic adsorption may exist (e.g. as ion exchange processes), due to the 
coulombic forces between charged particles in the solution and on the solid surface. 
This process would be concentration dependent, long range, and generally repulsive. 
Experimentally it is also difficult or even impossible to separate these interactions, so 
they are grouped under the general physical term of sorption. This term is often 
represented as a chemical interaction parameter, the distribution coefficient, but 
includes the effect of the electrical double layer and van der Waals forces, as well as 
adsorption and ion exchange. 
Different types of sites are available for particle fixation. Retention sites can be found 
either on the surface due to physico-chemical forces, in constriction sites where the 
particles are stopped because of their size, or in dead-end pores or cavities where the 
fluid velocity is zero. However contact between a contaminant and the surface medium 
does not always lead to effective removal of the contaminant from solution. For 
example, sorption may be restricted by the maximum adsorption capacity of the 
medium. This parameter is difficult to assess, because it depends on many factors such 
as the size of the contaminants, the ionic strength of the solution, chemical speciation, 
pH, and the number of adsorption sites available (293). Other studies have even shown 
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the possibility of several layers of adsorbed particles forming a smooth coating on the 
surface of the medium, i.e. for clay particles within a porous medium consisting of 
g1a~s beads (294). 
Desorption is the release of previously sorbed material into the aqueous phase. 
Detachment of a particle previously retained by the porous medium can be either 
considered as a whole phenomenon which may be included in a mass balance equation 
as a source of particles, described in terms of a distribution coefficient (295-297), 
or be considered together with the attachment process. This general interpretation is 
only possible where the attachment and detachment processes do not change the 
characteristics of the particle. 
Some of the processes involved in the detachment of retained particles are: 
• collision between a moving particle and a retained particle, 
• variation in pressure or flow rate may modifY the flow field sufficiently to allow 
diffusion out of dead end pore, 
• the retained particle may breakaway due to random movement, 
• changes in the chemical properties of the solution,(ionic strength, redox potential 
etc.), may be sufficient to allow release of retained particles. 
In practice, sorption studies are conducted by equilibrating known quantities of sorbent 
with solutions of solute( s). Plots of resulting data relating the variation of solid-phase 
concentration, or amount of the compound sorbed per unit mass of solid, to the 
variation of solution phase concentration are termed sorption isotherms. 
Figure 1.13 indicates the several different forms that isotherms may take. Type I 
isotherms refers to sorptions in which the capacity for uptake by the solid phase 
increase sharply from low solution concentrations to high concentrations, generating a 
convex isotherm which approaches a limiting value at qc. These may be described by 
the Langmuir model. 
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Figure 1.13: Sorption isothenns patterns 
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Type IT isothenns are shaped like type I isothenns at low solution phase 
concentrations, but do not approach a qc plateau at high concentrations. Convex 
isothenns where sorption decreases sharply with lower solution concentrations are 
known as type III isothenns. 
A variety of models have been developed to characterise the relationships shown in 
Figure 1.13. Any particular model may be found to describe experimental data 
accurately under one set of conditions, but not under different conditions. No single 
model has been found to be generally applicable, therefore a number of generalisations 
have been advanced. One is that in the case of natural sorbents such as soils and 
sediments, there exists a correlation between adsorption capacity and the relative 
organic character of the solid phase. Sorption data are frequently found to be 
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approximated adequately over limited concentration ranges by linear models of the 
general form 
q, = KDC (g go!) 
where qc is the mass of solute sorbed per unit mass of solid (g go!), at equilibrium with 
a solution of solute concentration C (g cmo3), and Ko is the distribution coefficient (cm3 
go!). This equation may be related to any number of conceptual models including 
surface complexation models as described below: 
To calculate the transfer of mass between aqueous phase components and the sorbing 
surface, a surface complexation model can be formulated to represent surface-aqueous 
interactions. This formulation can be used to mimic both ion exchange and specific ion 
adsorption reactions. The surface-complexation reaction used to represent adsorption 
is written as 
N 
Am ~ L b",;Pj + b=z. 
;-1 
where Am = chemical formula of the mth adsorbate, bmj = stoichiometric reaction 
coefficient indicative of the number of moles of the aqueous component Pj required to 
form one mole of adsorbate Am, b"" = stoichiometric reaction coefficient that 
represents the number of moles of z. adsorption site that are required for the fonnation 
of Am. 
1.3.b.(viii) Oxidation and reduction. 
The oxidation state of an aqueous environment as measured by the redox potential 
indicates the oxidation state of multivalent metal ions (e.g. Mo, Fe, Cu, Se, Cr) and 
indicates the potential redox changes in available and competitive ligands that could in 
turn affect the aqueous concentration of trace metals. 
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1.3.c Mathematical framework for modeUing. 
Mathematical expressions that represent the above processes, their numerical 
approximation and subsequent solution represent the foundation of computer models. 
The most important equations being those concerning the conservation of mass and 
those concerning chemical transport. 
The conservation of mass for the chemical components Pj in a system in which the 
geochemical processes of aqueous speciation, precipitation-dissolution, and 
adsorption-desorption are active is given by 
where Tj is the total number of moles of component j, the first term is the number of 
moles ofuncomplexed component j, the second term is the mass (moles) of the 
component j in the complex i (see p 39), the third term represents the mass of 
component j in the solid phases k (see p 38), and the last term is the amount of 
component j as sorbed species m (see p 43). The terms n.;, no. and nAm represent the 
mass of complex i, the mass of solids k, and the mass of adsorbed species m. 
The mass balance equation for the total number of moles of surface sites is 
Tj• = n j • + L bmjn Am 
m 
where nj. = moles of unoccupied surface sites and nAm = moles of sites occupied by 
adsorbates. 
Chemical transport in the subsurface environment can be described using the advection 
dispersion equation. Represented are the processes of advection, Fickian dispersion, 
retardation (due to adsorption), first-order decay, and source/sink terms. The equation, 
written in two-dimensional form below is a conservation of mass representation of a 
single chemical species: 
d ( de J d () de C, w dx Dij dx - dx. Vic -kRe= R dt-B 
. ) . 
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where Dij are components of dispersion, Vi are components of the velocity vector, R is 
the retardation factor, k is the first-order decay rate, C. is the concentration of the 
sink/source, e is the porosity of the medium and w is the flow rate of the sink/source. 
These equations form the basis of the numerical modelling of chemical transport. 
Both analytical and numerical solution techniques are available for solving the 
transport and mass balance equations. 
Analytical solutions to the advection-dispersion equation have been achieved for 
groundwater systems that can be characterised as homogeneous, and isotropic, with 
constant velocity and dispersivity (253). However as the result of the simplifications 
necessary to achieve a solution the results are usually used for preliminary assessments. 
Computer based numerical methods of solving these equations can be separated into 
two main techniques: Finite-element methods and finite-difference methods. 
In the finite-element method the objective is to transform the partial differential 
equation into an integral equation which includes derivatives of the first-order only. 
Then the integration is performed numerically over the elements into which the 
considered domain is divided. In the finite-difference method the partial differential 
equations are replaced by a set of algebraic equations describing the relationship 
between the values of the dependent variables at neighbouring points in space. This set 
of finite difference equations is then solved numerically on a computer to yield values 
of the dependent variable at a predetermined number of discrete points in the domain. 
Models can be roughly divided into two categories, Research, or Process models, and 
Assessment models. Research models are used in conjunction with laboratory and field 
studies to understand and determine which processes are the most significant. These 
processes are linked together, often using simplified descriptions, in Assessment 
models which are used to predict the overall performance of a repository or waste 
disposal site. 
There are many computer codes available for modelling contaminant transport, but 
they differ from each other with respect to the following: 
• ability for transport to take place in either porous media and I or fracture networks 
• one-, two-, or three-dimensional representation 
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• random walk dispersion included or simple dispersivity only 
• chemical interactions included or purely physical interactions 
• simple or complex interactions between system components (water / solid / solutes / 
colloids) 
• analytical or numerical methods of solution. 
The problem of predicting radionuclide migration is usually divided into two parts: the 
water movement and the radionuclide transport. The water movement is assumed to be 
independent of the movement of the radionuclides and the two flow fields may 
therefore be de-coupled. However the models are all loosely based around the 
following structure. 
Figure 1.14: Structure of transport models. 
Hydrothermal 
Transport 
Model 
Mass 
Transport 
Model 
1.3.c.(i) Hydrological flow models. 
Interaction 
Model 
Hydrological flow models form the basis oftransport modelling. This part of the model 
is relatively well understood with fundamental equations based on Darcy's Law being 
used to describe the motion of groundwater through porous media. Interest is 
increasing as to the possibilities of using fractured rock as waste sites due to their 
overall low permeability. Mathematical descriptions of idealised fractures are 
increasingly incorporated at this stage (130-136,270). 
39 
In reality the hydraulic properties of a groundwater flow path are often variable and the 
simple Darcy equation provides no information as to the three-dimensional flow of 
water or, about the different volumes of flow at different depths. The most commonly 
used method to take these factors into account is finite element modelling (137-139). 
A finite element model is a 2 or 3-dimensional representation of a volume of rock 
which is divided into boxes or elements in a complex grid pattern. The physical and 
hydraulic properties of each element can be defined separately, so any variations 
resulting from different rock types, faults, and layered sequences can be built into the 
model. The sizes of the elements can be varied across the grid to provide more detail in 
specific zones. The whole grid is defined by boundaries, usually lines across which no 
flow can take place, for example streams, watersheds, and impermeable faults. 
1.3.c.(ii) Hydrothermal transport models. 
The influence of thermal effects on chemical reactions such as speciation and 
adsorption may be considered by the inclusion of a hydrothermal transport model. 
However this is often omitted due to the weak temperature fluctuations at the 
repository depth. 
If hydrothermal modelling has been omitted, then at this stage in the modelling it has 
been assumed that the nuclides do not interact with the rock, and move at 
approximately the same speed as the groundwater independent of whether they are in 
solution or suspension. The next stage is to consider the mechanisms which may retard 
or enhance this movement. 
1.3.c.(iii) Mass Transport Models. 
The main factors controlling the migration of contaminants through porous media are 
the transport of the species within the groundwater movement and the interaction 
between the species and the surface. 
The mass transport model incorporates the hydrological flow model, but also takes 
into account interactions between the system components i.e. solute / colloid / surface / 
solution interactions. The influence of temperature may also be included. 
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(a) Interaction Models. 
Interaction models are concerned with the processes within the fluid phase and with 
the solid medium. These processes are modelled by using surface ionization constants, 
surface complexation isotherms and chemical speciation codes such as PHREEQE 
(212), MINTEQ (216), MlNEQL (219), and EQ3/6 (254). This forms a major part of 
transport modelling and is responsible for the large variations seen between models. 
(b) Transport Models. 
Radionuclide migration is assumed to be both advective transport and diffusion-
dispersion. It is also influenced by chemical and physical interaction with the solid 
material. The nuclides decay with time, but may also increase in concentration due to 
the decay of parent species. 
The majority of the models published are concerned with radionuclide migration 
through saturated porous media, examples include Getout (140), and Swift (141). 
Getout is a well known mathematical model for ID flow. It is based on the analytical 
solution of the governing equations and includes chain decay, whereas Swift is based 
on the numerical solution of the governing equations using the finite difference 
technique, it differs from Getout in that it has the capability for multidimensional 
dispersion of the nuclides. 
Examples of models capable of dealing with fractures are Ranchmdnl (142), and 
Trunchn (143). Other models such as Femwaste (144), 3dlefemwaste (145), and GEOn 
(146), also allow unsaturated media to be included. 
These models are based on the concept oflocal equilibrium at each point along the 
transport path i.e. that the reactions which occur are instantaneous and reversible. 
Although this assumption holds for many of the environmental systems encountered, 
the validity of this assumption will depend on the relative rates of hydrodynamic 
transport and chemical interactions, and has been questioned by Neretnieks (126), 
Grisak & Pickens (53), Grisak et aI (54), and Rubin (127). Errors are likely to be 
introduced where migration is very rapid and / or the reactions involved are very slow, 
for example in the case of oxidation-reduction or solution-solid phase transfer. Other 
situations where the local equilibrium assumption fails include flow in fissured 
crystalline rocks, the interconversion of migrating species, and where the influence of 
colloids on migration is significant. 
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For example when groundwaters flow through fissured crystalline rocks the water 
generally flows in the macrofissures (or fractures) ofthe rock which may be widely 
spaced. Sorption may not take place homogeneously in the rock due to the long time 
periods required to distribute the nuclides evenly through the rock by diffusion through 
the stagnant water present in the microfissures. 
Simulations of neptunium transport through packed columns (357) carned out as part 
of the CHEMV AL coupled model validation exercise (358) illustrate the problems 
created by the interconversion of migrating species. Two sets of simulations were 
carried out in an attempt to reproduce the experimental curves obtained for the 
sorption of neptunium along the column, no breakthrough having been observed within 
the timescale of the experiment. In the first simulation local equilibrium was assumed 
and in the second it was assumed that the reaction kinetics were sufficiently slow that 
each transported species (Np02+' Np02C03-, Np020H) could be assumed to behave 
independently. In all other respects the parameters used in both simulations were 
identical. Neither simulation was able to completely replicate the experimental results. 
It was concluded that the actual situation lay between the two extremes. For example 
the rate constants for the inter conversion ofNp~ + and Np02C03 - are thought to be 
that of a few hours (357), suggesting that multi-species exchange and chromatographic 
breakthrough of a migrating neptunium species was occurring. This cannot be 
represented by a local equilibrium approach. 
With the increasing interest in the inlIuence of colloids on the migration of 
contaminants, further problems with the local equilibrium assumption are evolving. 
Equilibrium models have limited use in the modelling of colloidal particle capture 
mechanisms in porous media as the use of adsorption isotherms such as the Langrnuir 
isotherm to quantifY the adsorption of solutes on solids, requires that the two phase 
system (liquid-solid) is at equilibrium after a sufficient time period such that the 
conceotrations in the fluid and solid phases are constant. However equilibrium is not 
easily established when suspended particles migrate in natural soils (258). In this case it 
is more appropriate to use kinetic models to describe the particle capture mechanisms 
of straining, sedimentation, diffusion, and hydrodynamic action. 
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One solution is the hybrid equilibrium model of Jiang and Corapcioglu (258). Where 
the particle I matrix capture and release mechanisms are represented by first-order 
kinetics. The mass partitioning of contaminant between the aqueous phase and other 
solid phases is assumed to be instantaneous and reversible and to be represented by the 
equilibrium chemistry. The model is referred to as a 'hybrid equilibrium' model as it 
incorporates both kinetic and equilibrium partitioning. 
The same concept has been applied by Abdel-Salam and Chrysikopoulos (359) who 
assume that the amount of contaminant mass captured by colloidal particles in solution 
and the amount captured by those colloids deposited on the fracture surfaces are 
described by a modified Freundlich reversible equilibrium sorption relationship, and 
that mass transport by diffusion into the rock matrix is a first order process. The 
contaminant sorption on to fracture surfaces is described by a linear equilibrium 
sorption isotherm, while the deposition of colloids is incorporated into the model as a 
first order kinetic process. 
43 
1.4 Objectives of the studies reported in this thesis. 
Clearly understanding speciation and those factors given above which have been shown 
to affect transport is critical for the accurate prediction of contaminant mobility in the 
subsurface. Towards this aim the work presented here investigates the influence of 
organic material and other factors on radionuclide mobility under controlled 
conditions. 
The main aims of this work were to : 
I. Literature search previous work conducted on the role of humic materials as toxic 
metal transporters, and the experimental methods used to carry out this work. Also to 
investigate the models available to describe such behaviour. 
2. To prepare radiolabelled humic materials and monitor their stability under 
predetermined conditions. 
3. To determine a method of sample introduction for column experiments. 
4. To set up and use a computer controlled detector to monitor radionuclides within 
columns of geological media. 
S. To investigate the influence of chemical factors such as the presence of humic acid 
and pH on the mobility of radionuclides (specifically europium) through a range of 
porous materials. 
6. To investigate the influence of physical factors such as column length on the 
mobility ofradionuclides (specifically europium) through a range of porous materials. 
The following chapters cover the experimental work conducted and offer conclusions 
drawn from the results obtained. 
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2.0 Experimental. 
Details of the chemicals used during the experimental work are given below. 
Table 2.1: Description of chemicals used during experimental proceedings. 
Description Supplied by Grade I Size 
Sodium Humate Aldrich N/A 
Sodium Chloride BDH AnalaR 
Sodium Hydroxide BDH AnalaR 
Hydrochloric Acid BDH Analytical 
Europium-l 52 Chloride ICN N/A 
Iodine-125 as NaI in Amersham Int. N/A 
NaOH 
Chloramine-T BDH AnalaR 
Sodium Metabisulfite BDH AnalaR 
SodiumEDTA Aldrich 99% 
Organic Free Pharmacia Coarse 
Sephadex G-25 Gel 
Filter Papers Gelman O.451lm 
Dialysis Membranes Spectrum Medical Ind. N/A 
MWC0500 
Potassium Dihydrogen- Fisons Analytical 
ortho Phosphate 
SodiumMES Aldrich 99"10 
Ecoscint A National Diagnostics Ltd N/A 
Acid washed Sand BDH O.lnm - O.3nm 
Sterile Acrodiscs Gelman O.451lm 
Dowex 50-W Ion Aldrich N/A 
Exchange Resin 
All water used was ofHPLC grade. All solutions were filtered through a 0.451lm filter 
prior to use. Except where otherwise stated the sodium humate was used as supplied 
by Aldrich with no further purification. 
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2.1 Column Instrumentation. 
2.1.8 Equipment 
During the course of the column studies two types of columns were used. Initially 
packed sand columns were used, and the equipment set-up is shown in Figure 2.1. 
In these cases Pharmacia glass columns of internal diameter 26 mm were used. The 
base and top of the column were fitted with a 20!lm mesh and a tap. The column was 
packed by pouring a slurry of the required sand into the column until the desired 
column length was reached whilst electrolyte was pumped through by a Pharmacia PI 
peristaltic pump. End pieces were then connected, and the column allowed to 
equilibrate with the electrolyte being pumped through, i.e. until the pH and uv/vis 
absorbance of the outlet equalled that of the input. The flow rate through the column 
was measured by removing known fractions for weight detennination. The flow rate 
was continually checked by removing fractions at regular intervals throughout each 
experiment. 
Secondly intact Clashach sandstone cores were purchased from Gravatom Technology 
Ltd. Before use the columns were painted with epoxy resin and fitted with inlet and 
outlet adapters, the design of which has been described elsewhere (147). A schematic 
of the equipment set-up for running the Clashach columns is shown in Figure 2.2. The 
column is connected by a screw thread to a stepper motor (R.S. Components), which, 
when activated, drives the column across a detector. The column is stopped at 
predetennined stages allowing the activity profile along the column to be determined 
by a high quality, collimated NaI(TI) detector (Oxford Instruments). Once the detector 
has reached the top of the column the motor returns the column to the initial position, 
repeating the monitoring cycle. A second NaI(TI) detector is situated such that a coil 
of capillary tubing containing the outlet from the column can be placed over the end of 
the detector, allowing automated monitoring of the column outlet. Both detectors 
produce an electrical pulse when a gamma photon is detected; the height of which is 
proportional to the energy of the gamma photon entering the detector. A multi-charmel 
analyser (MCA) board (Oxford Instruments), fitted into the computer, (Elonex 425) 
sorts the electrical pulses into charmels. Calibration of the charmels allows the 
discrimination of different gamma photon emitting radionuclides. 
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Figure 2.1: Scbematic representation of equipment for packed column 
experiments. 
Fraction conector 
Packed Column 
Figure 2.2: Scbematic representation of equipment used for Clasbacb column 
experiments. 
Waste 
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2.1.b N al(11) detector calibration. 
To calibrate the detectors a variable x-ray source was used which contained 
americium-241, which emits alpha particles which were then allowed to fall onto a 
metal target. When alpha particles interact with the metal target characteristic x-rays 
are then produced from each target. The metal targets used and the energy of their 
characteristic x-rays are shown in table 2.2. The variable x-ray source was positioned 
in front of each detector and the x-rays counted for five minutes before measuring the 
peak channel number. The discriminator settings were altered on the second detector 
calibrated such that any given isotope would appear in the same channel on either 
detector. Samples ofiodine-125 and europium-I 52 were also counted. The results are 
shown in figure 2.3 below. 
Table 2.2: Calibration of Nal(11) detector 
Metal target Energy Channel Metal target Energy Channel 
/ isotope (keY) Number / isotope (keY) Number 
Rb 13.37 62 Ba 32.06 187 
Mo 17.44 98 Eu-152 40.00 228 
Ag 22.10 127 Tb 44.23 260 
1-125 35.00 154 Co 122.0 800 
Cs 37.00 184 Eu-152 122.0 800 
Figure 2.3 Calibration of N al(11) detector channel numbers 
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= O.1573x 
R2 = 0.9838 
800 1000 
From the table above it can be seen that the detectors were calibrated such that the 
peaks due to the europium-I 52 appeared in channels 800 and 228 and the iodine-l25 
appeared in channel 154. 
2.1.c Collimation of europium-152 and iodine-125. 
In order to gain an accurate picture of the activity build up along the column, it was 
necessary to collimate the detector. This ensured that only gamma photons from the 
area of interest would be detected. A lead collimator of 1.9 mm thickness was 
manufactured. To ensure that this would eliminate all unwanted gamma photons a 
sample containing 4.0 kBq europium-I 52 and 7.0 kBq iodine-l25 was prepared. This 
was placed in front of the detector window with and without a sheet of 1.9 mm thick 
lead between the two. Three regions of interest (ROI) were selected (see figure 2.4 
overleaf) to cover the two europium peaks and the iodide peak. The sample was 
counted for 15 minutes. 
Table 2.3: Selection of regions of interest 
Region ofInterest Channel Numbers Isotope 
ROI I 110-240 Iodine - 125 
R0I2 245 - 375 Europium - 152 
ROI3 650 - 950 Europium - 152 
Table 2.4: Collimation of NaI(TJ) detector 
Collimated Uncollimated 
ROI I R0I2 ROI3 ROI I R0I2 ROI3 
count I 684 705 901 53863 16716 14949 
count 2 696 712 893 53484 16540 15014 
average 690 708.5 897 53673.5 16628 14981.5 
subtract 438 469.5 444 53421.5 16389 14528.5 
background 
% Passing 0.820 2.865 3.056 100 100 100 
collimator 
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It can be clearly seen that a maximum of 3% of the initial activity passed through a 1.9 
mm lead sheet. This suggests that the 1.9 mm thick lead collimator will ensure that 
only activity from the region of interest will be detected. 
Figure 2.4:Europium-lS2 and iodine-12S detected by column detector 
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2.l.d: Discrimination of europium-IS2 and iodine-l2S. 
Having calibrated the detectors and detennined the channels in which the isotopes of 
interest would be detected it was observed that one of the europium-l 52 peaks 
overlapped the peak due to the iodine-125. It was necessary to determine whether the 
two isotopes could be discriminated, i.e. if they could both be present in one sample 
and yet be counted independently of each other without interference. 
Three regions of interest were selected as detailed earlier. 
Samples ofiodine-125 in 0.05M NaCl were prepared and counted for 5 minutes. Each 
sample was counted three times, averaged and background subtracted. The results are 
shown in table 2.5 and figure 2.5 below. 
Table 2.5: Response of NaI(Tl) detector to iodine-l25. 
Activity (kBq) ROI 1 R0I2 ROI3 
0.35 7482.0 194.0 1.5 
0.70 15761.5 386.5 5.5 
1.05 23833.5 617.5 14.5 
Figure 2.5: Response of detector to iodine-l2S. 
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The results indicate that the amount of iodine-125 detected in the europium-152 
channels was negligible at the levels of iodine-125 activity chosen. Samples were then 
prepared containing various activities of europium-152. The results are shown in table 
2.6 and figure 2.6 below. 
Table 2.6: Response of NaI(Tl) detector to europium-152. 
Sample 
Composition 
0.5kBq 
1.0kBq 
1.5kBq 
2.0kBq 
4.0kBq 
10kBq 
150000 
100000 
Total 
counts 
ROI I-BKGD R0I2-BKGD R0I3 -BKGD 
3756.0 2012.5 1640.5 
9188.0 4267.5 3778.5 
11565.0 5329.0 4620.0 
18183.0 8132.5 7269.0 
35632.0 14916.0 13931.0 
124993.0 52\02.5 47145.0 
Figure 2.6: Response of detector to europium-l 52 
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Figure 2.6 shows that there is a linear relationship between the activity of 
europium-152 in solution and the counts collected by the detector in ROIs 2 and 3 
where the europium-152 peaks appear. However europium-152 was also strongly 
52 
detected in ROI I where the iodide-I 25 peak appears due to the large peak base at 
higher activities. This may cause problems when attempting to discriminate between 
the two species. 
In order to be able to calculate the amount of europium-I 52 activity appearing in 
ROI I, a value relating the activity in the first europium-I 52 peak (ROI I + 2) to the 
second europium-I 52 peak (ROI 3) was calculated. This is shown in figure 2.7. 
Ratio 
ROI 
(1+2)/3 
Figure 2.7: Relationship between regions of interest 
10.0 
8.0 
• (ROI 1+2)/ ROI 3 
- Linear «ROI 1+2)/ ROI 3) 
6.0 
4.0 
• • • • • • 
2.0 
0.0 -1----+----+----+----+----+---1 
o 2 4 6 8 10 12 
Europium-152 Activity (kBq) 
There is an approximately linear relationship between the two europium-I 52 peaks, 
however as the proportion of europium-I 52 activity in ROI I increases with increasing 
activity, the value of (ROI 1+2)/ ROI 3 also increases slightly. The average value over 
the activity range is 3.6. 
Using the ratio calculated above it is possible to determine the quantities of 
europium-I 52 and iodine-125 in any sample. Samples containing either 0.70 kBq or 
0.35 kBq iodine-125 were added to the varying europium-I 52 activities, and the 
procedure repeated. The results being given in tables 2.7 and 2.8 and figures 2.8 and 
2.9. 
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Table 2.7: Response of NaI(Tl) detector to europium-152 and 0.70 kBq 
iodine-125. 
Europium-I 5 2 activity ROI 1- R0I2- ROI 3- 152Eu 
(kBq) BKGD BKGD BKGD in ROI I 
0.5 20393.5 2559.5 1697.5 3590.9 
0.5 20676.5 2330.5 1757.5 4037.3 
1.0 24461.5 4873.5 3563.5 8037.8 
1.0 24525.5 4884.5 3597.5 8149.9 
1.5 28596.5 6381.5 5182.5 12395.7 
1.5 28665.5 6450.5 5065.5 11902.8 
2.0 33087.5 8494.5 7008.5 16898.7 
2.0 33250.5 8401.5 7078.5 17245.3 
4.0 53610.5 16476.5 14513.5 36108.8 
4.0 53231.5 16300.5 14578.5 36520.3 
10.0 107512.5 39954.5 36249.5 91384.7 
10.0 108240.5 39846.5 36371.5 91934.7 
Figure 2.8: Response of NaI(Tl) detector to europium-152 
and 0.7kBq iodine-125 
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This level of iodine-I 25 was accurately measured across the range of europium-I 52 
activity used. The average counting efficiency was 7.9%. 
Table 2.8: Response of NaI(TJ) detector to europium-152 and O.35kBq 
iodine-U5. 
Europium-I 52 activity ROI 1- R0I2 - R0I3 - I 52Eu 1251 in 
(kBq) BKGD BKGD BKGD in ROI I ROIl 
0.5 12542.5 2521.5 1965.5 4599.9 7942.6 
0.5 12431.5 2452.5 1948.5 4607.3 7824.2 
1.0 17993.5 3890.5 3798.5 9872.2 8121.3 
1.0 18019.5 3811.5 3790.5 9922.2 8097.3 
1.5 21580.5 6202.5 5491.5 13694.3 7886.2 
1.5 21919.5 5960.5 5513.5 14016.0 7903.5 
2.0 25726.5 8348.5 7178.5 17660.6 8065.8 
2.0 25712.5 8290.5 7229.5 17903.4 7809.1 
4.0 42731.5 15715.5 14057.5 35217.6 7513.9 
4.0 42887.5 15859.5 14127.5 35327.2 7560.2 
10.0 91622.5 42694.3 35128.5 84583.3 7039.2 
10.0 95882.5 43546.2 36561.3 88922.7 6959.8 
Figure 2.9: Response of detector to europium-152 + O.35kBq 
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At a ratio of 1:28 for I:Eu the iodine-125 activity could still be accurately measured. A 
similar counting efficiency for iodine-125 of 7.4% was obtained. 
At both levels ofiodine-125 activity, it can be seen that the iodine-I 25 is readily 
measurable in the presence of varying levels of europium-I 52 activity. 
2.l.e: Effect of Araldite thickness. 
As the Clashach columns were coated with Araldite to prevent leakage, it was 
necessary to show that the Araldite did not attenuate the gamma photons being emitted 
from within the columns. 
Araldite PZ820-1 and hardener HZ820 were used at a ratio of 1 : I, allowing 
handspreads of varying thicknesses to be coated onto thin sheets, (-I mm), of 
aluminium foil with Meyer bars. Two samples of Araldite coating at three thicknesses 
of Y. mm, 'h mm, and % mm were initially obtained. However one of the 'h mm 
samples was discarded as being unevenly coated. Combinations of the five remaining 
samples enabled a maximum thickness of 2 'h mm to be obtained. 
Using the column detector, an iodine-I 25 source was set up - 5 cm from the detector. 
The region of interest for iodine was set as channels 130 - 304, i.e. where the 
iodine-I 25 peak could be clearly seen. Time was pre-set at 200 seconds. Samples of 
foil alone, foil + Y. mm Araldite, up to foil + 2 'h mm Araldite, were attached to the 
end of the detector ensuring that neither the detector or the source were moved and 
the activity of the iodine-l25 source was counted. The results are shown in table 2.9 
below. The influence of the foil was calculated and the attenuation of the iodine-125 
activity by the varying thicknesses of Araldite was determined. The results are shown 
in figure 2.10. 
Table 2.9: Attenuation ofiodine-125 gamma photons due to Araldite. 
Sample Average net Decrease in Decrease in % net counts 
counts - bkgd counts due to counts due to lost due to 
Araldite + foil Araldite only Araldite 
Control 10244 0 0 0 
Foil only 10198 -46 0 0 
56 
Foil + V. mm 10283 39 85 
Araldite 
Foil + Yz 10145 -99 -53 
mm Araldite 
Foil+%mm 10047 -197 -151 
Araldite 
2 Foil + 1 9875 -369 -277 
mm Araldite 
2 Foil + I V. 9842 -402 -310 
mm Araldite 
3 Foil + I Yz 9785 -459 -321 
mm Araldite 
3 Foil + 1 % 9660 -584 -446 
mm Araldite 
4 Foil + 2 9609 -635 -451 
mm Araldite 
5 Foil + 2 Yz 9557 -687 -457 
mm Araldite 
Figure 2.10: Attenuation of iodine-125 gamma photons due 
to Araldite 
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-0.836 
0.511 
1.468 
2.698 
3.023 
3.124 
4.347 
4.389 
4.445 
The results shown in figure 2.10 indicate that the expected levels of Araldite coating 
on the columns would not greatly attenuate the iodine-l2S gamma photons. Counting 
efficiencies will not therefore be significantly altered. 
2.1.f: Attenuation due to thickness of Clashach column. 
The effect of the Clashach sandstone itself on the attenuation of iodine-125 gamma 
photons was also investigated. The composition of Clashach is greater than 90% 
quartz, and it is therefore expected to have a density similar to that of quartz, i.e. 2.6S 
g cm-3. It was unfeasible to determine the half thickness of sheets of sandstone, and so 
aluminium, with a similar density, 2.702 g cm-3, was chosen to determine the effect the 
sandstone may have on the attenuation of iodine-125 gamma photons. 
Varying thickness' of aluminium sheet were placed between the detector and a iodine-
125 source. The ROI was set to 130 - 304, where the iodine peak appears. The source 
was then counted for 200 seconds. The counting results are displayed in table 2.10. 
Table 2.10: Attenuation ofiodine-125 gamma photons by aluminium. 
AI Thickness (cm) Net Counts log net counts 
0.0 10098 4.004 
0.0250 8989 3.954 
0.0296 8870 3.948 
0.0381 8557 3.932 
0.0474 8330 3.921 
0.0533 8063 3.906 
0.0685 7680 3.885 
0.0933 6894 3.838 
0.1162 6403 3.806 
0.1195 6409 3.807 
0.1584 5318 3.726 
0.2047 4436 3.647 
0.2598 3415 3.533 
0.3257 2820 3.450 
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Figure 2.11: Effect of aluminium thickness on 
iodine-l25 counts. 
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From the equation of the Jine above it can be calculated that the halfthickness for 
aluminium is 1.7 mm. As the density of the Clashach sandstone is similar to that of the 
aluminium it is likely that only a low level of iodine-I 25 will be detectable at the 
surface of a 5 cm diameter column. High levels of activity will therefore be required to 
ensure low counting errors. 
2.l.g: Activity distribution along Clashach column. 
The previous results indicate that it is possible that surface effects will predominate, 
when scanning the activity profile along the length of the column. To investigate this a 
30.5 cm Clashach column was flooded with 0.3M NaCl solution containing I kBq cm-3 
iodine-125. Once the plateau region had been reached the flow was stopped and both 
collimated detectors were positioned alongside the column at 120° to each other. A 
series of runs along the column were then undertaken. The results are shown in figures 
2.12 and 2.13 .. 
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Figure 2.12: Iodine-125 through c1ashach monitored by 2 
detectors. Run 1 
-+-ld roi 1 15000 I 
10000 . 
--rdroil 
counts 5000 ---::: ...... : .... :~: 11 : ~ : ::-: 
O+------+------+------+------+-----~ 
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Figure 2.13: Iodine-U5 through c1ashach monitored by 2 
detectors. Run 2. 
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In both runs there is evidence that what is being observed is due to surface effects. The 
counts obtained from each detector vary at different positions, if activity from within 
the column were being picked up it was expected that similar profiles would have been 
observed. To determine if this was indeed the case, the column was downflooded with 
0.3M NaCl, and then reflooded with 0.3M NaCl containing 2 kBq cm-3 iodine-131, an 
iodine isotope of higher energy, which would be less attenuated by the Clashach 
column. However before the detectors could be run along the column it was necessary 
to determine whether the thickness of collimator on the detectors would be sufficient 
for iodine-13l. As earlier, sheets oflead of varying thickness' were placed between an 
iodine-131 source and the detector. Counts were measured every 300 seconds, and the 
results are shown in table 2.11 and figure 2.14. 
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Table 2.11: Detennination of X Yz for iodine-131. 
Ph thiclmcss (mm) net counts log net counts 
0 20548 4.31277 
0 20814 4.318356 
0.8 13894 4.142827 
0.8 13760 4.138618 
1.59 11078 4.044461 
1.59 11269 4.051885 
3.13 7058 3.848682 
3.13 7145 3.854002 
6.3 2778 3.443732 
6.3 2667 3.426023 
7.85 1745 3.241795 
7.85 1678 3.224792 
9.15 1248 3.096215 
9.15 1194 3.077004 
Figure 2.14: Detennination ofPb X1I2 for iodine-13l 
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The half thickness for iodine-l31 was calculated as 1.95 mm. The existing collimators 
are only 1.9 mm thick and will obviously only attenuate activity from outside the area 
of interest by half. This may not be sufficient to avoid interference from other regions 
of the column. Therefore a second collimator of 5 cm thickness (26 times as thick), 
was attached to one detector and the usual 1.9 mm collimator to the second. If surface 
effects were evident they would be observed by the detector with the larger collimator, 
(it is expected that any surface effects would be swamped by the activity detected from 
other regions of the column when using the thinner collimator). Several runs were 
made along the Clashach column containing iodine-131. A typical result is shown 
below in figure 2.15. 
Figure 2.15: Iodine-l31 through Clashach column monitored 
by 2 detectors. 
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No significant differences were present between the two profiles. This suggests that 
when using iodine-I 3 I it was possible to detect activity from within the column, rather 
than just the surface. However the short half life of iodine-I 3 I is such that excessive 
activities would be needed to enable successful detection of radiolabelled humic 
materials after several weeks dialysis and migration studies. This was deemed to be 
unfeasible, and iodine-125 was used for the migration studies. 
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2.1.h Column Materials 
Several materials were used to pack the glass columns for migration studies. These are 
detailed below. 
Pure Sand: The 'pure' sand (BDH Laboratory supplies, GPR grade) was supplied 
acid purified, and had a particle size range of 0.1 - 0.3 mm i.e. 50 - ISO mesh. 
BET surface area = 0.3705 +/- 0.00876 m2g-1 
Cumbrian Sand: Sand was supplied untreated (BNFL). The smallest size particles 
were released into the flowing electrolyte when slurry packing, therefore surface areas 
were measured for washed and unwashed sand samples. 
BET Surface Area Washed sand: 1. 17m2g-1 , Unwashed sand 1.83m2g-l . 
Goethite: Prepared by V. Pasbleyat Loughborough University, using standard 
procedure (352). BET Surface area = 36.4 m2g-1 
mite: Supplied by A. Maes KUL Belgium. 
Clashach sandstone cores: Supplied by Gravatom Technology Ltd., Fareham, 
Hampshire, as cores oflength 305mm and diameter 46mm. Clashach is a Penno-
Triassic sandstone which was deposited as a wind blown sand. Relatively 
homogeneous, consisting of greater than 90% quartz, 1-2% feldspar, and small traces 
of clay, (fibrous illite) Grain size 0.2 - 0.3mm in diameter. 
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2.2 Radiolabelling 
Initially detennination of humic acid concentrations relied on measuring the uv/visible 
absorbance of a sample (see appendix 5), and the drawing of calibration plots. 
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0.0 
Figure 2.16: Calibration plots for [Ha) with uv/visible 
absorbance. 
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RadiolabeUed humic acid has been extensively used within the course ofthe 
experimental work. This enabled a more realistic concentration of humic acid to be 
used, than would have otherwise been possible if relying on uv / visible 
spectrophotometry for detection. Two radiolabels were used in different scenarios and 
the following describes the method development and assessment of these techniques. 
2.2.a: Iodine-U5. 
Alllabellings with iodine-125 were carried out as given in the protocol below: 
Solutions of-IOOO mg rl sodium humate were prepared in 0.05M NaCl, and the pH 
adjusted to 7.5. The solution was then passed through a 0.45 IJ.m filter (Gelman, 
Acrodisc), with the final concentration being detennined by uv/visible 
spectrophotometry prior to use. Iodine-125 was added as required, based on 20% 
incorporation of the label. Chloramine-T was then added as 0.66 g per g of humic 
material. The reagents were allowed to stand at room temperature in a fume cupboard 
for 30 minutes after mixing. Sodium metabisulfite was added as 0.84 g per g of humic 
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material, to quench the reaction. Solutions of Chloramine-T and sodium metabisulfite 
were prepared in 0.05M NaCl immediately before use, i.e. no more than 10 minutes in 
advance. The mixture was then allowed to stand for 5 days at room temperature before 
dialysis. The reaction is shown below in figure 2.17. 
Figure 2.17: Reaction schematic for radio iodination of humic acid. 
HA 
~ OH ~ 125 d;'r 
The percentage of total activity incorporated was then determined by size exclusion gel 
chromatography: 
Sephadex G25M gel (pharmacia LKB) was swollen in 0.05M sodium chloride solution 
before packing into a glass column of2cm diameter to a bed depth of30cm. 0.05M 
sodium chloride solution was pumped through the column at a f10wrate of20 cm3h·! 
using a PI peristaltic pump (pharmacia LKB). A 0.5cm3 injection loop was fitted in the 
mobile phase. The mobile phase was fraction collected and the iodine-125 activity in 
each fraction was measured using a Phillips 4800 automatic ganuna counter, or for 
unlabelled humic material the uv/visible absorbance of each fraction would be 
measured. Figure 2.18 shows the set up of the apparatus. Figure 2.19 shows an 
example chromatograph of the iodine-125 labelling reaction mixture, from which the 
labelling yield could be determined by integrating the counts under each peak. The first 
peak eluted from the column is radioiodinated humic material, and the second peak is 
'free' unreacted 125r . 
After determination of the labelling yield, the labelled humic material was separated 
from the unreacted starting products remaining in solution by dialysis. 
Molecular porous membrane tubing, SpectraIPor CE membrane MWCO: 500 was 
purchased from Spectrum Medical Industries Inc. Houston, Texas, and was prepared 
according to the manufacturers instructions. 
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Figure 2.18: Gel chromatography column. 
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Figure 2.19: Determination of labelling yield by G-25M gel 
chromatography. 
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The labelled humic material was placed inside the tubing and dialysed exhaustively 
against 0.05M NaCl, or required buffer until no further activity was removed. 
The labelled humic was then removed and re-analysed by size exclusion 
chromatography to ensure the removal of free iodide before use. 
Various checks were carried out on the labelled humic. The first was to ensure that the 
radiolabel was not dissociating while passing through the gel column. A sample of 
iodine-125 of known activity in 0.05M NaCl was injected on to the column and its 
recovery calculated (see figure 2.20). 
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Figure 2.20: Iodine-125 Tbrough Sephadex G-25 
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The total activity recovered from the column was 16735.8 cpm. 
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To determine whether iodine-I 25 was being retained on the column due to the 
iodination of the Sephadex gel, a second sample was injected but this time, the column 
was removed and the injected sample passed straight to the fraction collector, (see 
figure 2.21). 
Figure 2.21: Iodine-125 through pump but not column 
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The total activity recovered from the experiment was 17279.0 cpm. Thus the iodine-
125 recovery from the column was 96.9"10, suggesting that some iodination of the 
Sephadex bed was occurring, but not to a significant degree. 
The second check was to ensure that the labelling procedure did not alter the elution 
profile of humic material. Therefore samples of unlabelled and labelled humic acid were 
injected on to the column, and detected either by uv/visible spectrophotometry or by 
gamma counting, as required. Figures 2.22 and 2.23 compare the elution profiles 
observed from unlabelled and labelled humic acid. 
Figure 2.22: Unlabelled humic acid through Sephadex G-25 
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Figure 2.23: Labelled humic acid through Sephadex G25 
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Tailing is apparent in both profiles, although this is greater in the uv/visible 
spectrophotometry profile. This suggests that a proportion of the smaller humic 
molecules may have been lost due to aggregation during the labelling process. 
The third check was to ensure that changing the ionic strength of the electrolyte or 
changing the activity of iodine-I 25 added had no effect on the procedure. 
Three iodination reactions were prepared using the standard iodination conditions, but 
varying ionic strength and specific activity. 
I.) 3 mg humic acid (protonated, Aldrich) were dissolved in 0.05M NaCI to give a 
concentration of 1 mg cm-3. 250 kBq of iodine-I 25 as Nal were added prior to the 
addition of 15 III of Chlorarnine-T at a concentration of O. 07 g cm-3 . 
The sample was left for 30 minutes before the addition of I 5 III of sodium metabisulfite 
at a concentration of 0.084 g cm-3 2 x 50 III a1iquots were removed and counted for 
iodine-125 gamma activity. The specific activity of the sample was 82.5 kBq cm-3 
Aliquots were retained for analysis by gel chromatography. The remaining sample was 
then dialysed against 0.05M NaCl. 
2.) 3 mg humic acid (protonated, Aldrich) were dissolved in 0.3M NaCI to give a 
concentration of I mg cm-3. 250 kBq ofiodine-125 as Nal were added prior to the 
addition of I 5 III of Chloramine-T at a concentration of 0.07 g cm-3. 
The sample was left for 30 minutes before the addition of 15 III of sodium metabisulfite 
at a concentration of 0.084 g cm-3 2 x 50 j.!l a1iquots were removed and counted for 
iodine-125 gamma activity. The specific activity of the sample was 82.6 kBq cm·J. 
Aliquots were retained for analysis by gel chromatography. The remaining sample was 
then dialysed against O.3M NaCl. 
3.) 10 mg humic acid (protonated, Aldrich) were dissolved in 0.05M NaCl to give a 
concentration of 1 mg cm-3 500 kBq of iodine-125 as Nal were added prior to the 
addition of 50 III ofChlorarnine-T at a concentration ofO.07g cm-3 
The sample was left for 30 minutes before the addition of 50 III of sodium metabisulfite 
at a concentration of 0.084 g cm-3 2 x 20 III aliquots were removed and counted for 
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iodine-125 gamma activity. The specific activity of the sample was 47.9 kBq cm-3. 
AIiquots were retained for analysis by gel chromatography. The remaining sample was 
then dialysed against 0.05M NaCl. 
AIiquots were removed from outside the dialysis bags at regular intervals, (the medium 
being changed daily,) and counted for iodine-125 activity. The activity lost from 
solution is tabulated below and shown in figure 2.24. 
Table 2.12: Rate of dialysis of iodinated humic samples. 
Time (h) Low Spec. Act in High Spec. Act in High Spec. Act in 
0.05 M NaCI 0.05 M NaCI 0.30 M NaCI 
23 81.9"10 86.1% 68.0% 
45 85.3% 87.8% 70.1% 
119 87.9% 89.2% 72.0% 
142 89.6% 89.6% 72.8% 
165 89.9% 90.0% 73.2% 
191 90.2% 90.2% 73.5% 
214 90.4% 90.4% 73.8% 
288 91.2% 91.1% 74.5% 
Figure 2.24: % Activity lost from samples during Dialysis 
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No significant effects were noticed in the specific activities of the labelled samples 
prior to dialysis. As expected increasing the salt concentration outside the dialysis bag 
decreased the rate at which free iodide was lost from solution. 
The fourth check was to ensure that the radiolabelled humic material did not break 
down on passing through a column of geological media. 
A 30.5 cm Clashach column was flooded with a solution of 125I_Hu in O.3M NaCI at 
pH 6.5 at 30 cm3 h"I Once a plateau region had been reached the column was 
downflooded with 0.3M NaCI. Gel chromatography was used to speciate the inlet to 
the Clashach column and the eluant from it, (while upflooding). Those downflooding 
samples with sufficient activity were also analysed. 
Table 2.13: % I-Hu dissociating, on passing through a Clashach column. 
Description Sample No % Free Description Sample No % Free 
Iodide Iodide 
Inlet I 3.95 Outlet 281 9.7 
Outlet 45 1.3 Outlet 286 11.8 
Outlet 46 16.0 Outlet 294 8.0 
Outlet 48 8.5 Outlet 302 9.7 
Outlet 50 12.3 Outlet 310 3.7 
Outlet 54 15.1 Outlet 318 7.6 
Outlet 62 8.0 Outlet 327 9.0 
Outlet 70 8.5 Outlet 359 8.5 
It appears that a slight dissociation of the labelled is being seen, however this remained 
sufficiently low as to be considered negligible. 
2.2.b: Carbon-14 
Alllabellings with carbon-14 were carried out as given in the protocol below: 
Sodium humate was prepared in 0.05M NaCI and the pH adjusted to 5. The solution 
was passed through a 0.451lm filter. For optimum labelling a final concentration of 
2000-4000 mg rl was required. 
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Figure 2.25: Reaction of Humic with 14C_Methylamine and carbodiimide. 
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Where HX = Nucleophile e.g. methylamine hydrochloride 14CH3NH2.HCI 
Carbodiimide was added as the solid, or as freshly prepared solution in 0.05MNaCI. 
The amount of carbodiimide added was equal to the total proton capacity of the humic 
material present, based on a value for sodium humate (A1drich) of 5.43 meq g.l, 
14C-methylamine hydrochloride was added as required, based on 100% incorporation. 
For maximum stability of the labelled humic, an amount equivalent to less than 5% of 
the total carboxylic acid content was required, calculated as 4.7 meq gol fOT protonated 
sodium humate. (A1drich). The reaction was allowed to stand sealed for one hour in a 
fume cupboard at room temperature, before initial analysis. The percentage of total 
activity incorporated was determined by size exclusion gel chromatography, as detailed 
for iodinated humic. The 14C activity was determined in each fraction by liquid 
scintillation counting. 
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Figure 2.26: Separation of 14C_Hu from starting products. 
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An initial protocol required that the activity be added prior to the carbodiirnide. 
However only 10% labelling was achieved with 90% of the added activity remaining as 
free methylamine. Further method development was required with the order of 
labelling, pH and specific activity effects being considered. 
The first change that was made was to the order oflabelling. From the reaction 
schematic shown in Figure 2.24 it is clear that the carbodiimide reacts with the humic 
acid prior to the methylamine. Therefore the reaction procedure was repeated, adding 
the carbodiimide first at a level corresponding to the labelling of 0.5% of the COOH 
groups present, and analysing after I hour and after I day. 
Figure 2.27: Separation of 14C_Hu from starting products, 
after 1 hour. 
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Figure 2.28: Separation of 14C_Hu from starting products 
after 1 day. 
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After 1 hour there was 36% of the added activity still present as free methylamine, 
after 1 day this had decreased to 15%. Changing the order of addition had greatly 
increased the yield oflabelled material. 
It is believed that incomplete incorporation of methylamine and carbodiimide leads to 
the break down oflabelled humic material with time. Therefore two methods were 
investigated as means to remove these unreacted starting products from solution. The 
first was dialysis, the second was to bubble nitrogen through the samples to encourage 
evaporation of 'free' methylamine. 
Sodium humate solutions were prepared from purified humic acid. 0.4072 g was added 
to 0.05M NaCI and made up to - 90 cm3 The pH was adjusted to 6.0, and the sample 
was then sonicated for 30 minutes. The sample was then made up to 100 cm3 with 
0.05M NaCl. The concentration of humic in each vial was 4000 mg rl as determined 
by the uv absorbance at 254 nm. 
Primary stock solutions were prepared by removing 20 cm3 and placing in a plastic vial 
and adjusting to pH 6.996. A second 20 cm3 was placed in another plastic vial and 
adjusted to pH 8.452. Both vials were left overnight. The pH's were then checked and 
adjusted where necessary. 
4 cm3 was removed from each vial, to form secondary stock solutions which would be 
radiolabelled. 0.0167 g of carbodiimide was added to each vial with 2 cm3 ofnanopure 
water. 14C-Methylamine was then added to each vial to give a specific activity of277.5 
74 
kBq cm·3. The samples were left for one hour before analysing a 1/50 diluted a1iquot by 
gel chromatography. 
Figure 2.29: 14C_H at pH 7 after 1 bour 
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Figure 2.30: 14C_Hu at pH 8.5 after Ibour 
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Both samples were split into two, one of which was placed in a prepared 500 MWCO 
dialysis bag, and dialysed against 0.05M NaCl, for a period of 1 week. 
The second sample was placed in a dreshel bottle in order to bubble nitrogen through 
the sample. However there was a possibility that this procedure would release I'e· 
Methylamine into the fume hood and a HCI trap was built to avoid this situation. 
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Figure 2.31: Nitrogen bubbling I BCI trap for removal of 14C-metbylamine. 
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Nitrogen was bubbled through the vessel containing 14C_Hu, pushing any free volatile 
14C-methylamine through in to the HCl trap, where it precipitates as methylamine 
hydrochloride. The second NaCl trap was purely a precautionary measure. 
Using the equipment above, N2 was bubbled through the two samples for time periods 
ofJO minutes, 1 hour, and 3 hours, before analysing by gel chromatography. In all 6 
samples a shoulder at 17 cm3 elution volume could be seen when analysed. 
A sample of 14C-Methylamine was injected on to the column and its peak elution 
suggested that the shoulder on the 14C_Hu elution profile was due to the presence of 
'free' methylamine in the sample. In all cases the samples at pH 8.5 contained less 
'free' methylamine than those at pH 7.0. 
By comparison, the samples which had undergone 1 week dialysis showed no signs of 
'free' methylamine upon analysis by gel chromatography at either pH. 
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In conclusion dialysis of the 14C-methylamine labelled humic acid removed all 
unreacted starting products. Labelling at pH 8.5 did not appear to degrade the sample. 
However, the stability of 14C_Hu prepared by this method needed to be determined 
before it could be used in any long term studies. Hence a 50 cm3 sample of humic acid 
was radiolabelled with carbon-14, at pH 8.5. It was then dialysed as described earlier, 
and stored in the dark at 4°C until required. 
Gel chromatography with 2SM Sephadex proved to be unable to completely separate 
the peaks obtained for free methylamine and the labelled humic acid due to the 
similarity in size of the two species. This meant that the small proportion of 'free' 
methylamine that would appear if the sample were to be unstable could not be 
accurately determined by peak integration. Hence 1 cm3 samples were removed and 
analysed by High Performance Size Exclusion Chromatography (HPSEC) to determine 
the stability of the product, over a period of time. The HPSEC experiments were 
carried out using a Phillips PU 4000 series liquid chromatograph fitted with a PU 4100 
gradient pumping system, a PU 4021 Diode Array Detector (DAD), a Rheodyne 
injection valve, a 20 III loop and PU 6003 integration and control software. The 
Ultrabydrogel size exclusion column (7.8 mm I.D. x 30 cm), contained a cross-linked 
hydroxylated polymeric stationary phase, capable of separating humic acid molecules 
from smaller molecules. The eluate emerging from the DAD passed through a 
Canberra Packard F10-0nelBeta (A140) radioactivity detector, fitted with an 800 III 
flow cell. Liquid scintillation cocktail (Ecoscint A: National Diagnostics) was 
automatically mixed with the eluate on entrance to the flow cell. 
The labelled humic material was analysed at specified time periods by HPSEC. A 
typical radioactivity profile of the labelled humic material is shown in figure 2.32. A 
reference solution containing 14C-methylamine was also prepared and analysed. The 
activity profile of which is shown in figure 2.33. The results shown in table 2.14 
indicate that there was no free methylamine present in the sample oflabelled humic 
material, i.e. the label was not dissociating with time. Specific activity measurements 
were also made at each time period, by removing a1iquots of the sample, adding 4 cm3 
Ecoscint A, and counting for carbon-14, the results are also shown in table 2.14. 
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Table 2.14: Specific Activity of 14C_Hu with time. 
Time Specific Activity % Free Methylamine 
(days) (kBq cm-') 
0 324.9 0 
15 348.8 0 
41 324.6 0 
113 345.5 0 
To ensure that the radioactive label was distributed evenly across the wide range of 
molecular sizes present in humic acid, the labelled samples and a control were passed 
through an ultrafiltration cell, shown in figure 2.34. This contains a membrane of a 
particular molecular weight cut off, allowing different sized fractions to be collected. 
Various molecular weight cut-off filters were used as detailed in table 2.15. 
Table 2.15: Membrane molecular weight cut ofTs. 
Nominal Molecular Weight Membrane Code Pore Size (nrn) 
Cut Off. 
500 YC05 <I 
1000 YMI -I 
5000 YM5 <1.3 
10000 YMIO < 1.7 
30000 YM30 < 2.1 
100000 YMIOO <5 
The membranes are coated with a sodium azide preservative which needed to be 
removed before use, therefore all membranes were soaked in a 5% NaCI solution for 
30 minutes followed by a further 30 minutes in at least 3 changes of nanopure water. 
The prepared membrane was placed in the base of the cell and 50 cm3 of sample was 
added. 
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Figure 2.34: Ultrafiltration cell. 
20 
The stirrer bar was put in place and the pressure cap pushed down. The whole cell was 
placed inside a metal case to ensure that the pressure cap could not be accidentally 
released. The equipment was then placed on a stirrer plate and the N2 pressure was set 
at approximately 10 lb. in·2. The 40 cm3 sample which passed though the membrane, 
out of the cell through an outlet tube, was collected for analysis and for passing 
through the next membrane. The 10 cm3 remaining above the membrane was then 
washed with 3 x 10 cm3 of nanopure water until the outlet was free of humic. The 
sample above the membrane was also kept. 
Initially the ultrafiltration was carried out on unlabelled humic acid as a control. 
Humic acid was prepared at -80 mg rl. All samples were diluted to 100 cm3 before 
measuring the uv absorbance at 254 nm. The resultant size distribution of unlabelled 
humic acid is given in tables 2.16, and 2.17. 
The experiment was repeated with 14C_Ha and the size distribution is given in table 
2.18. 
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Table 2.16: Size distribution of unlabelled humic acid (i) 
Membrane abs at 2S4nm [Hu] Hu % of initial 
(Dalton) (mg r') (mg) 
0 2.347 81.83 8.183 100 
>100k 2.902 101.2 1.012 12.36 
(IOcm3) 
<lOOk 2.079 72.49 7.249 88.6 
>30k 1.672 58.30 5.830 71.25 
<30k 0.462 16.11 1.611 19.69 
>IOk 2.062 71.89 1.078 13.2 
(15cm3) 
<IOk 0.084 2.93 0.293 3.58 
Table 2.17: Size distribution of unlabelled humic acid (ii) 
sample UV Abs at 254nm Volume (cm3) % of initial 
Initial 2.347 lOO lOO 
>100k 2.902 10 12 
lOO - 30k 1.672 lOO 71.2 
30 - 10k 2.062 IS 13.2 
< IOk 0.084 lOO 3.6 
Table 2.18: Size distribution of 14C labelled humic acid by uv absorbance. 
sample UV Abs at 254nm Volume (cm3) % of initial 
Initial 2.243 50 lOO 
>lQOk 0.604 25 13.45 
lOO - 30k 2.203 25 49.1 
30 - IOk 0.706 25 15.7 
< 10k 0.189 50 8.41 
The results indicate that approximately 5% of the labelled humic is retained on each 
membrane, (13.34% over 3 membranes) but to check this the samples were also 
counted for 14C activity. 
82 
Table 2.19: Size distribution of 14C labelled humic acid by 14C activity. 
sample 14C cpm cm·3 Volume (cm3) % of initial 
Initial 114754.15 50 100 
> lOOk 34267.20 25 14.93 
100 - 30k 81194.18 25 35.38 
30 - lOk 50050.05 25 21.81 
< lOk 20855.62 50 18.17 
Again approximately 10% of the initial activity was lost while passing the sample 
through the three membranes. 
Clearly the label appears to be distributed fairly evenly over the size distribution of 
molecules. However there seems to be an increased labelling of the smaller size 
fractions, <10k and 30-10k. Comparing the labelled and unlabelled materials it is 
evident that a redistribution of size fractions from 100-30k to the smaller fractions has 
taken place. The mechanism for this redistribution is not known at this time but has 
been observed by other authors (363). The breakdown oflarge molecules to smaller 
molecules may be entropy driven. However, this does not explain the aggregation of 
small to larger molecules. Alternatively both the breakdown and the aggregation may 
be microbially driven. 
2.2.c Complexation witb Europium 
The majority of experimental work has been carried out using europium in the 
presence of humic acid. Europium, as most Lanthanides, does not form complexes 
readily, but those with chelating molecules such as citric acid, oxalic acid and EDT A 
are the most common and most stable. It was therefore believed that europium would 
form complexes with humic acid. To show that this was the case, and to ensure that 
100% of the europium reacted with the humic acid, a series of experiments were 
carried out. 
An ion exchange method of determining the amount of metal attached to the humic 
acid has been used previously to determine humic batch equilibrium distribution (1<,.) 
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values (355), and this was deemed an appropriate method for analysis of europium 
humate complexation. 
The ion exchange resin chosen was Dowex 50-W. It is supplied in the protonated 
form, and must be changed to the sodium form prior to use. 
A 5 cm long column was set up by placing a small piece of glass wool in the base of 
the column and packing a slurry ofthe ion exchange resin in water, in to the column. 
This bed was allowed to settle before washing with the following: 
I) 2M HCI 
2) Nano pure water 
3) 3MNaCI 
4) Nano pure water 
5) O.IMNaOH 
6) a.OIM MES ButTer 
Samples of radio labelled europium humate were prepared such that the concentration 
of europium varied from I x 10-9 to I X 10-7 M, and the humic acid concentration 
varied from 10 to 40 mg r1 3 x 0.5 cm3 a1iquots were removed and counted from 
each sample to give their initial activity. A pre-weighed vial was placed at the outlet of 
the column, and a 0.5 cm3 a1iquot of the sample placed on the resin bed. This was 
allowed to run on to the bed, by releasing the tap at the base of the column, care being 
taken to ensure that the column did not run dry. The sample was then eluted from the 
column by the addition of 5 xl cm3 a1iquots ofO.OlM MES butTer. The vial was then 
re-weighed to accurately determine the volume collected. 3 x 0.5 cm3 a1iquots were 
removed from the vial and counted to give the activity of the eluted EuHu. Any 'free' 
Eu3+ in the sample was retained on the resin. 
Control experiments were carried out to ensure that the column retained only 'free' 
europium. The results showed that 98.1% of the 'free' europium applied to the column 
was retained and that only 2.2% of iodinated humic acid applied to the column was 
retained. 
The method was successful and was used prior to each experiment in which europium 
humate was used to ensure that all of the europium was present as the europium-
humate complex. 
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2.3: Initial Column Experiments. 
Before carrying out the migration experiments a series of studies were carried out 
to assess the best means of introducing the sample to the column. One method is to 
inject the sample, from a sample injection loop, into the mobile phase. A second 
method is to continually flood the column with a mobile phase containing the 
sample. The advantage of the injection method is that only small amounts of 
radioactivity are required. However, this is also a disadvantage because of the 
difficulty of detecting small amounts of activity eluting from the column which may 
make recovery calculations difficult. A further disadvantage is that again because of 
the small amounts of injected activity, monitoring the build up of activity along the 
column may be impossible. Flooding experiments require large amounts of activity 
but the activity is readily detected whether on the column or eluting from the 
column. 
To compare injection and flooding methods of sample introduction, the columns 
used must be in the same condition. Clearly, injecting a metal-humic complex into a 
column which is being eluted with a solution of humic-acid is not the same as 
flooding the column with a solution containing a metal-humic complex. Therefore 
to compare the results from injection and flooding experiments, injection of the 
metal-humic sample should be into a solution containing a similar concentration of 
metal-humic complex. Detection of the injected metal-humic complex is facilitated 
if the injected metal is radioactive and the mobile phase contains inactive metal. 
2.3.a: Comparison of Injection and Flooding Techniques for Assessing 
Migration. 
In order to compare the two techniques a series of injection and flooding 
experiments were carried out, using the same column for both techniques, to 
provide identical column conditions wherever possible. Initial injection and flooding 
experiments used tritiated water as a conservative, i.e. non-retarded tracer. 
Tritiated water was used to: 
1. determine the elution volume of an unreacting species 
2. determine the volume porosity of the column 
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3. determine the packing characteristics of the column and, 
4. compare the two methods of introducing the sample onto the colunm. 
Columns (2.6 cm x 16 cm) were packed with a slurry of the required sand, either a 
pure sand supplied by BDH or a sand obtained from a site in Cumbria, in 0.3M 
NaCI. The columns were then equilibrated by flooding them with a solution 
containing 40 mg rl humic acid in 0.3M NaCI at pH 6.5 until the absorbance of the 
mobile phase leaving the colunm was equal to the absorbance of the mobile phase 
entering the column. Samples of tritiated water, 2.5 kBq cm·3, were injected into 
the mobile phase through a 0.5cm3 injection loop and the mobile phase leaving the 
column was fraction collected, mixed with Ecoscint A cocktail and counted in a 
1215 LKB Rackbeta liquid scintillation counter. 
Results of monitoring the column eluent are expressed either as activity per unit 
volume against the volume passed through the column, or as C/Co against the 
volume passed through the column, where C is the specific activity in the mobile 
phase leaving the column and Co is the specific activity in the mobile phase entering 
the column. 
2.3.a (i) Tritium through Cumbrian sand. 
Figure 2.35 shows examples of the activities in the mobile phase leaving the colunm 
as a function of the volume of mobile phase passing through the colunm for 
repeated injections of tritiated water. 
cpm 
Figure 2.35: Comparison of Tritium Injections through 
Cumbrian sand. 
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Figure 2.36 shows the results of repeated flooding experiments and figure 2.37 
shows a comparison of the results from flooding and injection experiments. 
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Figure 2.36: Comparison of three tritium floods on 
Cumbrian sand. 
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Figure 2.37: Comparison ofInjection and Flooding 
Techniques for tritium. 
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The breakthrough volume VB, the peak volume (for an injection) Vp, the equivalent 
peak volume for a flood, V lf1 .. and the total recovery, were used to compare the 
techniques in table 2.20 below. 
Table 2.20: Comparison of Tritium injection and flooding techniques. 
Description VB (cm3) Vpor V1I2(cm3) Total Recovery 
Injection 1 36.0 44.5 100.46 
Injection 2 33.0 38.0 99.79 
Injection 3 33.3 38.4 100.21 
Flood 1 33.0 39.0 98.11 
Injection 4 32.0 39.0 99.71 
Injection 5 34.0 40.0 99.37 
Flood 2 34.0 40.5 101.55 
Injection 6 34.0 39.5 97.49 
Flood 3 33.0 40.0 99.88 
Apart from injection 1, the results shown in table 2.20 show that introducing the 
sample as an injection or flooding the column gave similar results for VB, Vp and 
recovery suggesting that either technique may be used. 
2.3.1.b: Comparison of 152EuHu injection and flooding techniques on Pure 
sand. 
In order to compare the techniques further, a series of experiments were carried 
out, aiming initially to use the same column for both techniques. However it 
became apparent after the first flooding experiment with europium, that this would 
not be possible due to the levels of europium left sorbed to the column. 
To be able to compare injection and flooding techniques for metal migration it was 
essential that similar concentrations of metal were used for each experiment. To 
fucilitate this, an inactive flooding experiment was carried out at the same time as 
the active injection, providing the correct metal concentration, but allowing the 
injection results to be compared with the flooding experiment. A europium 
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concentration of 5 x 1O~ (ISO kBq 12~U) in 40mg rl humic acid and O.3M NaCl 
at pH 6.5, was chosen as batch experiments showed that this level of metal loading 
of the humic material was stable and unlikely to precipitate out of solution during 
the experiments (see appendix I). The injections thus consisted ofO.Scm3 40mg rl 
humic acid and O.3M NaCI at pH 6.5 containing 2.SkBq IS2EuHu. These were then 
injected into a flooding solution of 5 x 10-8M inactive europium, 40mg rl humic 
acid and O.3M NaCI at pH 6.5. 
Figure 2.38 gives a typical injection of IS2EuHu onto pure sand showing the activity 
in the mobile phase as a function of the volume of mobile phase passing through the 
column. Figure 2.39 shows the results of the flooding experiments. 
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Figure 2_38: EuHu Injection on Pure Sand. 
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Figure 2.39: EuHu Flooding through Pure sand. 
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Figure 2.40: Comparison of Up- and inverted Down-
Flooding of Europium-152 through Pure Sand 
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Figure 2.41: EuHu Cumulative Injection and Flooding 
through Pure sand. 
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Table 2.21: Results of europium-l 52 injection and flooding through Pure 
sand. 
Description Species VB Vpor Porosity Rr Recovery 
(cm3) VlI2(cm3) 
CoIl 11 30.0S 36.1 0.4595 1.0 
Inj 1 152Eu 30.05 36.5 1.01 0.S6 
Co12 3H 34.0 39.1 0.496 1.0 
Flood 1 152Eu 33.S 40.5 1.04 0.94 
Similar Rr values were obtained from both techniques. The results appear to show 
that it is possible to compare the results obtained from a flooding experiment and 
an injected experiment, under these conditions. However the comparison of flooded 
EuHu with the cumulative injection of EuHu, (see figure 2.41), does not show 
good agreement. The curve obtained during the flooding experiment is as expected, 
with the up and downflooding portions of the curve readily superimposable on one 
another (see figure 2.40). with 100% recovery being reached after 400cm3 of 
flooding. However the curve obtained for the cumulative injection does not show 
100% recovery. This is unlikely to be due to sorption of the active europium (rather 
than the inactive) on the sand column as both species should behave identically. 
One possibility was that the 16% of the active europium is sorbed to the injection 
port, however this was easily checked and found not to be the case. An alternative 
explanation is that europium is still being eluted from the column but the level of 
activity is so low that it is difficult to measure above the background counting 
levels. 
2.3.l.c: Comparison of 152EuHu injection and flooding techniques on 
Cumbrian sand. 
The same procedure used for the pure sand columns was used in the following 
experiments. The flooding solution consisted of 5 x 1O-8M europium (150 kBq 
125Eu) in 40mg rl humic acid and O.3M NaCI at pH 6.5. 
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The injections were 0.5 cm3 containing 2.5kBq IS2Eu injected into a flooding 
solution of5 x 10-sM inactive europium, in 40mg rl humic acid and O.3M NaCl at 
pH 6.5. 
Examples of the injection results obtained are shown below in figure 2.42. 
Examples of the flooding results are shown in figure 2.43. 
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Figure 2.42: EuHu injections into Cumbrian sand 
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Figure 2.43: EuHu flooding through cumbrian sand 
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Table 2.22: Results of 152EuHu injection and flooding on Cumbrian sand. 
Description Species VB Vp V lf2 Porosity Rc Recovery 
(cm3) (cm3) (cm3) 
CoIl 'H 29.6 35.7 0.454 1.00 0.40 
Flood I \S2Eu 28.2 640 17.93 
Col 3 3H 32.8 37.5 0.477 1.00 
Inj 1-6 152Eu 54.5 65.4 (948) 1.744 0.45 
(25.28) 
Col 4 3H 25.3 29.5 0.376 1.00 0.15 
Inj 7-10 152Eu 30.1 35.1 cant 1.19 
extrap- (-) 
olate 
Col 5 'H 30.1 35.3 0.449 1.00 0.15 
Inj II 152Eu 30.6 40.8 (4000) 1.16 
(113.31) 
Col 6 3H 29.1 34.0 0.433 1.00 0.23 
Inj 12 152Eu 30.3 35.4 (8700) 1.04 
(255.88) 
Col7 3H 32.2 36.9 0.470 1.00 0.47 
Flood 2 I 52Eu 29.1 1620 43.90 
The results clearly show that it would be impossible to compare the results obtained 
from a flooding experiment and an injected experiment, under these conditions. 
In the injection experiments the EuHu species had a larger VB than the conservative 
tracer, whereas this was not seen for the flooding technique. 
The injections had retention factors of between 1.0 and 2.0, when calculated using 
the V p value. However when the overall recovery of 152EuHu from the injection is 
calculated (see figure 2.44) it was shown that a large quantity of the europium in 
the injection experiments was not eluted, suggesting that the true retention factors 
as calculated as V 1f2 would be much higher. High retention factors were also 
obtained for the flooding experiments, and again large quantities of europium 
remained on the column. 
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Figure 2.44: Cumulative Recovery Ofl52EuHu from 
injections into Cumbrian Sand 
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The Cumbrian sand columns showed greater levels of europium sorption than the 
pure sand. Cumbrian sand has a surface area 3 times larger than that of the pure 
sand, (1. 17m2 g-1 for washed Cumbrian sand in comparison with 0.37 m2 g-1 forthe 
pure sand,) and it is expected that europium sorption would increase with 
increasing surface area. The Cumbrian sand also contains approximately 0.1 % iron, 
and these will both be contributing factors as to the larger percentage of europium 
taken up by the Cumbrian sand column. 
In all cases very little reproducibility of results occurred between columns. Porosity 
values differed greatly between some of the columns indicating that the columns 
were packed differently. It is also possible that having slurry packed the columns in 
order of usage, that there would be a increase in average particle size, and therefore 
a complementary decrease in available surface area from the first to the last colunm. 
This section of work suggests that although both the flooding and injection 
techniques for sample introduction are feasible for unretained solutes such as 
tritiated water, the results obtained from such methods for retained solutes such as 
europium under the conditions used above, are not comparable. 
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2.3.2: CIasbacb column experiments. 
A 30cm intact Clashach sandstone core, (as previously described), was filled under 
vacuum with 0.3M NaCl solution at pH 6.5. The following experiments and 
equilibrations were carried out. 
(i) Tritiated water in 0.3M NaCI at pH 6.5 was pumped through the column using a 
PI peristaltic pump (pharmacia, Milton Keynes, UK) at a rate ofJO cm3 hr-I until 
equilibrium was reached. 
The flooding solution was then switched to inactive O.3M NaCI and flooding 
continued until the eluent was inactive. 
(ii) 40 mg rl A1drich sodium humate in 0.3M NaCI at pH 6.5 was pumped through 
the column at 30 cm3 hr-I until the concentration ofNaHu eluting from the column 
was equivalent to that entering the column, as determined by uv / vis 
spectrophotometry. (Phillips PU8700). 
(iii) Tritiated water in O.3M NaCI containing 40 mg r l A1drich sodium humate at 
pH 6.5 was pumped through to determine the column characteristics after 
equilibration with sodium humate. 
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(iv) I (as iodide) in O.3M NaCI containing 40 mg rl A1drich sodium humate at pH 
6.5, is believed to behave as a conservative tracer, and was pumped through the 
column at 30 cm3 hr-I. 
125 (v) 40 mg rl A1drich sodium humate labelled with I in 0.3M NaCI at pH 6.5 was 
flooded through to determine the retention behaviour of humic material. Size 
exclusion gel chromatography was used to ensure that all of the radio-iodide was 
bound to the humate. 
I2S (vi) A mixture of 40 mg rl A1drich sodium humate labelled with I in 0.3M NaCl 
152 
at pH 6.5, and 40 mg rl A1drich sodium humate complexed with Eu in 0.3M 
NaCI at pH 6.5, was used to determine the effect of humic on the transport of 
europium through the column. Size exclusion gel chromatography, was used to 
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show that all of the radio-iodide was bound to the humate. Ion-exchange using a 
152 
commercially available cation exchange resin was used to show that all of the Eu 
was bound to the humate. The final solution used for flooding the column 
152 125 1 
contained 8.56 MBq of Eu, 1.2SMBq of I and 40 mg r Aldrich sodium 
humate in 3.5 litres ofO.3M NaCI at a pH of6.S. 
All solutions were filtered through an Amicon O.4Sllm filter prior to use. 
The results are shown below: 
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Fig 2.45: 3H(NaCl) through Clashach Column 
0.0 __ rl--t---1--t---t---~_>t---1 
o SO 100 150 200 250 300 350 400 
Volume (cm3) 
96 
110 
100 
90 
80 
70 
AJAo 60 
*100 50 
40 
30 
20 
10 
0 
0 
60.0 
50.0 
40.0 
Ratio 30.0 
20.0 
10.0 
Figure 2.47: Percentage of humic eluted. 
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Fig 2.49: 3H (HA) through Clashach column 
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Fig 2.50: 3H·recovery before and after humic elution. 
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Figure 2.45 shows the upflooding and downflooding of tritium before equilibrating 
the column with humic material. The porosity of the column was calculated to be 
0.1816 from dividing the volume at which C/Co = 0.5 by the column volume. 
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Figure 2.46 shows the uv absorbances ofthe column outlet solution at 250, 3 SO 
and 4S0nm. Figure 2.47 shows the propprtion of humic material which absorbs at 
250, 350 and 4S0nm present in the column outlet solution. It can be seen that there 
is initially a larger proportion of the humic material which absorbs at 2S0nm present 
in the outlet. This is shown more clearly in figure 2.48, where the ratios of the 
absorbances at 250/350 and 250/450 nm are plotted as a function of the volume of 
sodium humate passed through the column. This shows that the column is 
preferentially retaining humic material which absorbs at 4S0nm and that the fraction 
which absorbs at 2SOnm is more recoverable from the column. These observations 
are consistent with the idea that humic materials are composed of a mixture of 
molecules and that not all of these posses the same properties. 
Figure 2.49 shows the upflooding and downflooding of tritium after equilibrating 
the column with humic material. The porosity of the column can be calculated to be 
0.1607, a decrease of 0.0209 or 11.5%. This reduction in porosity suggests that 
pore clogging is evident resulting in less pore space being available for tritium to 
diffuse into after equilibration of the column with humic material. Figure 2. SO 
shows a comparison of the two tritium upflooding curves, before and after 
equilibrating the column with humic material. 
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Figure 2.51: Iodide through Clashach Column 
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Figure 2.51 shows the upflooding and downflooding of iodine-I 25 through the 
column. The iodide appears to be behaving as a conservative tracer. However only 
90% is ultimately removed from the column. The remaining 10% has probably 
complexed with the humic material coating the column. It is likely that had the 
experiment continued for longer this would eventually be eluted. 
Figure 2.52 (below) shows the recovery of radioiodinated humic material as a 
function of volume passed through the column. The figure shows that an 
equilibrium had not yet been achieved between the humic material entering the 
column, and that sorbed to the column walls when downflooding commenced. If 
equilibrium had been reached, a plateau region where a constant level of iodinated 
humic was eluting from the column would have been observed. Overall 92% ofthe 
input activity was eluted from the column. 
Fig 2.52: 12~_Hu through Clashach Column 
1.0 
0.9 
0.8 
0.7 
0.6 
C/Co 0.5 • C/Co 
0.4 III CumC/Co 
0.3 
0.2 
0.1 
0.0 
0 500 1000 1500 2000 2500 3000 
100 
1.2 
1.0 
0.8 
Norm 06 C/Co . 
0.4 
0.2 
Fig 2.53: Comparison of 3H, 12~_, and 12~_Hu Up 
Flooding 
• I-Hu Nonn 
.1- Norm 
.to 3HNonn 
0.0 _iiiiii;rilIIIIIiIilllllSiiiill '---I-----!-------l 
o 50 100 
Volume (cm3) 
150 200 
Figure 2.53 is a comparison of the upfloodiog graphs for tritium, 125[, and 
radioiodinated humic material. The activities of the three radionuclides have been 
nonnalised to enable a direct comparison of their upflooding characteristics to be 
made. Although all three species start to elute from the column at approximately 
the same volume (67 cm3, equivalent to the column dead volume) the levels of 
dispersion are markedly different, in the order I -Hu > I"> 3H. This further 
demonstrates that iodide is not behaving as a conservative tracer. 
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Figure 2.54 shows a comparison of the downflooding curves of tritium, 125r, and 
radioiodinated humic material. The figure shows that all three species clear the 
column in a similar volume after downflooding has commenced, again this is 
equivalent to the column dead volume. However the radioiodinated material shows 
a pronounced tailing and the recovery of this material would take a considerable 
length of time. The tritium curve also shows some tailing indicating that dispersion 
is having an effect. 
Figure 2.55: EuHu / I-Hu througb Clasbach Column 
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Figure 2.57: Comparison of 152EuHu and 1251_Hu Down 
Flooding 
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Figure 2.55 shows the up and downflooding ofa mixture of radio iodinated humic 
material and humic complexed europium-152. The iodinated humic material 
behaves as earlier. However the europium complexed humic material is strongly 
retained by the column, with a plateau region occurring at C/Co = 0.35, and again 
prolonged tailing is observed. Overall 50% of the europium is recovered from the 
column within the timescaIe of the experiment. 
Figure 2.56 shows the normalised activities of 152EuHu and 1251_ Hu during 
upflooding as a function of volume. The results show that the rate of removal from 
solution for each species is identical, and therefore the metal appears to play no 
part in the removal of humic material from solution. 
In contrast, figure 2.57 shows the normalised activities of IS2EuHu and 1251_Hu 
during downflooding as a function of volume. After clearing of the column there is 
pronounced tailing of the elution activities of both radionuclides. However the 
activity of 1251_Hu in the eluent decreases more rapidly than the activity of 152EuHu. 
As only 50% of the 152EuHu inlet activity is recovered from the column within the 
timescale of the experiment compared to 100% of the 1251_Hu inlet activity, it can 
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be concluded that the europium plays an important part in the retention of the 
EuHu on the column. 
Fig 2.58: 12s:t_ Column Activity 
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Figure 2.58 shows the activity of 125r as it passed through the column. The activity 
was monitored at lcm intervals from the column inlet, i.e. segment 3 is 3cm away 
from the inlet, segment 5 is 5cm away from the inlet etc. For clarity only three of 
the segments are shown. The overlap of activities in each segment indicates that 
the radionuclide is distributed evenly through the column. 
Figure 2.59 shows the results of monitoring the column activity when upflooding 
the column with a solution containing radioiodinated humic material and 
downflooding with inactive humic material. The graphs show a build up of activity 
in segment 20 which is possibly because of the natural heterogeneity of the column. 
Clashach sandstone is known to contain iron and it is possible that segment 20 
contains a higher concentration of this element than other segments of the column. 
This would lead to an increased uptake of humic acid in this segment, and therefore 
an increase in activity from the iodine label attached to the humic molecules. 
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Fig 2.60: IS1EuHu· Column Activity 
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Figure 2.60 shows the activity along the column when upflooding with 152EuHu and 
downflooding with inactive humic material. The graph shows that the europium 
activity concentrates in the initial portions of the column such as segment 3 during 
upflooding. However once downflooding it can be seen that the activity of 
segments further along the column such as 12 and 20 show increasing levels of 
activity due to movement of the radionuclide along the column. 
In order to show this more clearly figure 2.61 shows the build up of 152EuHu 
activity after 307 cm3, 1144 cm3, and 2071 cm3 of l52EuHu and I25I_Hu has passed 
through the column. Figure 2.62 shows the decrease of IS2EuHu activity after 271 
cm
3
, 1483 cm3, and 2947 cm3 of inactive humic material has passed through the 
column. 
Fig 2.61: 152EuHu Column Activity (Upflooding) 
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Fig 2.62: 152EuHu Column Activity (Downflooding) 
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Figure 2.60 also shows that the build up of IS2Eu activity in each column segment is 
approximately linear, i.e. the increase in sorbed activity is proportional to the 
volume of solution passed through the column. The rate at which the IS2Eu activity 
builds up in each segment can be seen to decrease along the column, and the log of 
the rate of build up against column segment is shown in figure 2.63. 
Figure 2.63: Log rate of 152EuHu activity build up in each 
segment during uptlooding 
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A simple model can be constructed to investigate further the build up of activity, 
and the recovery from columns of different length (see later), along a Clashach 
column using the following: 
I. the column length is divided into segments of equal length and the number of 
segments is equal to n 
2. sorption is governed by a single Rd value and this Rd value is the same at any 
point along the column. The percentage of activity sorbed by each segment is equal 
to S. 
The following then relates the percentage recovery, R, from a column containing n 
segments to the sorption, S, in each segment. 
R = 100 (100 - SIIOO)" 
Thus for a recovery of3I.3% as shown in figure 2.55 and assigning the number of 
column segments to be 22, (equivalent to 1.36 cm along a 30cm column) the 
sorption in each segment is calculated to be 5.14% of the activity entering the 
segment. Thus, if 100% of the activity enters the first segment, 5.14% of the 
activity is sorbed in that segment and 94.86% ofthe initial activity passes through 
the first segment and enters the second segment. Using the same logic, the activity 
passes through the other segments until eventually 31.3% of the initial activity 
entering the column, leaves the column. 
Using these calculations, figure 2.64 can be constructed which shows the 
theoretical percentage of the total activity entering the column which is sorbed in 
each segment of the column i.e. an activity profile along the column. 
HoV"ever F;gure 2.65 shows a comparison between the theoretical percentage 
sorbed to the column along its length, and the actual percentage sorption calculated 
at 2,000 cm3 (If the cumulative output recovery is 31.3% of the input then 68.7% 
is attached to or retained within the column, hence the sum of activities in all 
segments equals 68.7%). 
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Fijlure 2.64: Theoretical profde of Europium activity 
sorbed along the column. 
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Figure 2.65: Comparison of Theoretical and Experimental 
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It can be clearly seen that the sorption of europium along a 30cm Clashach at 
30cm3h-1 can not be described using a simple single Rd model. This may be due to 
kinetic effects, where local equilibrium is not being attained within the column due 
to the rate of flow. This has been investigated in more depth later in this thesis. 
The results of these preliminary experiments show that the performance of the 
equipment was highly satisfactory. Large quantities of data were obtained from the 
column monitory set-up giving further information as to the behaviour of 
radionuclides within columns of geological media. 
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2.4: Determination of chemical influences on metal migration. 
The aim of this section of experimental work was to detennine the effect of chemical 
factors, such as the presence or absence of humic acid and iron, on the migration and 
mobility of metal species through columns of geological media. 
Several types of geological media were considered; loose sand from Cumbria, and a 
sample of intact Clashach sandstone from Scotland, (Gravatom Technology Ltd.) were 
chosen, as the materials were relatively homogeneous, making them suitable for 
comparative column experiments. To help identifY some of the processes affecting 
metal transport through these materials, column experiments were also carried out with 
combinations of pure mineral phases, chosen to be chemically similar to the major 
components of the natural geological media chosen for study. 
The columns were set up as required, i.e. slurry packed if necessary, and allowed to 
equilibrate with a background electrolyte, flowing through the column at a specified 
flow rate, for a period of several weeks. 
The flow rate of the electrolyte through the column was accurately measured before 
detennining the porosity of each column. Tritiated water was injected on to the column 
by means ofa 0.5 cm3 injection loop. I cm3 fractions of eluate were collected and 
counted for tritium activity. The introduction of tritiated water on to each column was 
repeated twice, to detennine the reproducibility of the measurement. If the expected 
smooth, Gaussian breakthrough curve, with little tailing or early breakthrough was 
observed, the experiment was continued. Those columns where this was not the case 
were discarded. 
In all cases the metal migration experiments were carried out as flooding experiments. 
All tritium porosity determinations were carried out as injections. Results are given as 
peak volumes (Vp) for injections and V 1/2 for flooding experiments, each V 1/2 value is 
the elution volume corresponding to the point at which the specific activity (C/Co) of 
the eluate has first reached 50% of that of the inlet solution entering the column. 
Retardation factors (Rc) values were calculated as the retardation of the species of 
interest in comparison to the elution volume of an unretained solute (tritium). Overall 
recoveries are also given. 
111 
2.4.a Effect of Humic Acid 
In order to detennine the effect of humic acid on the migration and mobility of metals 
through geological media, three metals were chosen for study: europium, cadmium, 
and zinc. Packed columns were prepared as described above, and equilibrated with 
NaCl. Flooding experiments were carried out using each of the metals. The same 
columns (where possible), were then equilibrated with the same background 
electrolyte, plus a quantity of humic acid. The flooding experiments were then 
repeated. The results are tabulated below and examples of the activity I volume profiles 
are shown in figures 2.66,2.67,2.68, and 2.69. 
Table 2.23: Summary of - humic acid experiment results. 
Column Clashach Cumbrian Pure Sand Pure Sand 
Material Sandstone Sand 
Dimensions 4.6 x 30.5 2.6 x 16 2.6 x 12.8 2.6 x 11.4 
i.d. x I (cm) 
Electrolyte 0.30MNaCI 0.30MNaCI 0.05MNaCI 0.05MNaCI 
pH 6.514 6.605 6.5 7.0 
Flow Rate 10.04 10.06 9.96 10 
(cm3 h-1) 
3HVp (cm') 85.6 40.7 31.3 30.0 
% Porosity 16.9 47.9 46.1 49.6 
Metal species Eu Eu Cd Zn 
[M](mol r') 5 x 10-8 5 X 10-8 I X 10-6 I X 10-6 
VII2(cm3) not seen not seen 42.0 121.0 
Ri 00 00 1.3 4.0 
Cumulative 0 0 77.9% 32.3% 
recovery after 
200 cm3 
" 
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Table 2.24: Summary of + bumic acid experiment results. 
Column Clashach Cumbrian Pure Sand Pure Sand 
Material Sandstone Sand 
Dimensions 4.6 x 30.5 2.6 x 16 2.6 x 12.8 2.6 x 11.4 
i.d. x I (cm) 
[Humic] (mg rl) 40 40 \0 10 
Electrolyte 0.3 OM NaCl 0.30MNaCl p.05MNaCl 0.05MNaCl 
pH 6.514 6.605 6.5 6.5 
Flow Rate 8.17 10.03 9.48 10 
(cm3h- l) 
3H Vp (cm') 72.2 36.2 30.5 27.0 
% Porosity 14.2 46.2 44.9 44.6 
Metal species Eu Eu Cd Zn 
[M] (mol fI) 5 x 10-=lf 5 X 10-8 I X 10.0 1 x 10-6 
V 112 (cm3) 
- 1335 87.0 224.0 
Rr - 36.9 2.9 8.3 
Cumulative 18.72% 29.7% 52.5% 13.4% 
recovery after 
200 cm3 
From the results above it can be clearly seen that the presence of humic material plays 
a large role in the mobility of metals through geological media. At first glance the 
results may seem contradictory, with europium migration showing a marked increase in 
the presence of humic materials, whereas both zinc and cadmium appear to be 
retarded, when compared with their migration in the absence of humic materials. 
However a more in depth investigation reveals that this is to be expected, as the 
presence of humic material influences the speciation of the migrating metal. 
Speciation modelling was carried out for each of the systems using the speciation code 
PHREEQEV (353), and is shown in table 2.25. 
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Figure 2.66: Europium through Clashach column with and 
without HA. 
1.00 
0.80 
0.60 
0.40 
0.20 
0.00 
0 1000 2000 
Volume (cmJ) 
3000 
• EuHu C/Co 
III EuC/Co 
4000 
Figure 2.67: Europium through Cumbrian sand with and 
without HA. 
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Figure 2.68: Cd through pure sand with and without HA 
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Figure 2.69: Zn through pure sand with and without HA 
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Table 2.25: Eu, Cd, and Zn speciation by PHREEQEV under the above 
experimental conditions. 
Species HA Absent HA Present 
Eu3+ 100 6.50 
EuCh 0 0 
EuHu 0 93.40 
Cd2+ 28.74 23.30 
CdCt 62.32 50.53 
CdCh 8.65 7.02 
CdHu 0 18.70 
Z? 93.68 15.36 
ZnCt 6.14 1.01 
ZnHu 0 83.47 
Europium in the absence of humic acid is present as Eu3+ ions which are strongly 
retained by the negatively charged surface of the column: europium has batch Rd 
values of 145.37 cm3 g-' on Cumbrian sand and 158.31 cm3 g-' on crushed Clashach, 
leading to no breakthrough of europium from either the Cumbrian sand or the Clashach 
sandstone columns, within the timescale of the experiment. (See section 2.6 for Rd 
values). 
In the presence of humic acid, > 90"10 of the europium is present as EuHu. After 
equilibration with humic acid, the surface of the column is coated with approximately 
two layers of humic molecules, (calculated from the decrease in porosity on 
equilibration with humic acid, and the average size of a humic acid molecule, see 
appendix 2). This rather than the underlying quartz surface, is responsible for any 
complexation. EuHu is retained to an extent by this surface, either through dissociation 
of the EuHu complex, or as exchange ofEuHu for humic acid on the column surface. 
This retention is much less than in the absence of humic acid as shown by the Rd 
values: EuHu on Cumbrian sand has an Rd value of73.57 cm3 g-', and on crushed 
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Clashach: 10.23 cm3 g-I, leading to the increased mobility of europium in the presence 
of humic acid. 
Cadmium in the absence of humic acid is present as a mixture of three species, Cd2+, 
CdCt and CdCb. These species are stable in aqueous media and are unretained by the 
surface of the column, as indicated by the Rd value of 0.62 cm3 g-l.In the presence of 
humic acid, only 20% of the cadmium is present as CdHu. Hence the elution profiles 
are similar although tailing of both the upflooding and downfJooding curves can be 
seen due to the exchange ofCdHu for humic acid sorbed to the colunm surface. This 
leads to a greater degree of retention for cadmium in the presence of humic acid than 
in the absence, as shown by the Rd value of 1.30 cm3 g-I. 
Zinc in the absence of humic acid is present as > 90% Zn2+ which is almost unretained 
by the pure sand, as indicated by the Rd value of 0.94 cm3 g-l In the presence of humic 
acid 85% of the zinc is present as ZnHu, therefore the exchange ofZnHu for humic 
acid sorbed to the colunm surface has a more pronounced effect than seen for 
cadmium, with much more tailing of the up and downfJooding elution curves. This is 
again in agreement with the increased Rd value of 1.41 cm3 g-I. 
Hence it appears from these results that for weakly retained metal species the presence 
of humic acid may increase their retention, while strongly retained metal species may 
show increased mobility in the presence of humic acid. 
To further investigate the influence of humic acid on metal migration, a series of 
europium injections were carried out on a Cumbrian sand column at various times as it 
was being equilibrated with humic acid. Each injection contained both Il2Eu and 3H, to 
enable the changing porosity of the colunm to be determined accurately at the time of 
each injection. The beta counter was calibrated to detect 3H in the presence of IS2Eu 
(see Appendix 3). A glass colunm was slurry packed with Cumbrian sand and allowed 
to equilibrate with O.3M NaCI for several days. The flow rate through the colunm was 
IOcm3h-l. 51 of 40 mg rl humic acid in O.3M NaCI at pH 6.5 was prepared and flooded 
through the colunm. After 670 cm3 had eluted from the colunm, the first 0.5 cm3 
injection was made. The % humic equilibration was calculated by comparing the eluant 
uv absorbance at 254 nm at the time of injection, to that of the inlet solution. 
The total activity of the injection was known, so the europium recovery for each 
injection could be calculated. The results are given below. 
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Figure 2.70: Recovery of EuBu with humic equilibration of 
Cumbrian sand column. 
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Table 2.26: Recovery of injected EuBu with HA equilibration of Cumbrian sand 
column. 
Injection No. Volume (cm3) %HA Porosity (%) Recovery of 
equilibration Eu (C/Co) 
1 550.0 53.97 50.37 0.0194 
2 1244.0 82.22 49.44 0.1489 
3 2152.2 88.38 48.83 0.1647 
4 2946.3 89.50 48.83 0.2041 
5 3770.0 90.34 48.83 0.2070 
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Figure 2.71: Relationship between EuHu recovery and humic 
equilibration ofCumbrian sand column. 
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It can be clearly seen that there is an exponential relationship between the equilibration 
of the Cumbrian sand column with humic acid and the recovery of europium humate 
injected on to the' column. With the increasing level of humic equilibration leading to a 
higher recovery ofEuRu from the Cumbrian sand column. Previous column 
experiments have shown EuRu recoveries of approximately 40"/0' on Cumbrian sand 
equilibrated with humic acid at pH 6.5 (see figure 2.43). This level ofEuRu recovery is 
predicted by the equation of the line shown in figure 2.71. The speciation of the 
injected europium was 100% EuRu for each injeCtion, and this indiCates that the level 
. of humic coating on tlie column is also responsible for the degree of retention of 
europium rather than solely the change in speciation of the metal as suggested on page 
116.-
2.4.b Effect of Iron 
In order to determine the effect of iron in the geological matrix, on the migration and 
mobility of metals, several columns were prepared with iron removed or added as 
required. Initially columns of Cumbrian sand and Clashach sandstone were washed 
with a solution of 0.3M NaCl plus O.IM HCl at 30 cm3 h-1, to remove any iron present. 
The pH of the inlet solution was 1.020 and the pH of the outlet was monitored as the 
experiment progressed, the resultant pH profile is shown in figure 2.72. 
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Figure 2.73: Elution of Fe from Acid Washed Clashach 
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Figure 2.74: Elution of Fe from Acid Washed Cumbrian sand 
column 
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The total iron removed from the Clashach column was 3.03 g or 0.27% of the weight 
of the column. The total iron removed from the Cumbrian sand column was 99.65 mg 
or 0.085% of the column weight. 
The columns were then equilibrated with 0.3M NaCI, background electrolyte 
containing 40 mg r' humic acid. Flooding experiments were carried out using 
europium humate, and where possible I-Hu. The results were compared to those 
obtained for similar columns which were not acid washed. The results are tabulated 
below and shown in figures 2.75, 2.76, 2.77 and 2.78. 
Table 2.27: Summary of Eu :!: iron experiment results. 
Column Clashach Acid-washed Cumbrian Sand Acid-washed 
Material Sandstone Clashach Cumbrian Sand 
core core 
(+ Fe) (- Fe) (+ Fe) (- Fe) 
Dimensions 4.6 x 30.5 4.6 x 30.5 2.6x 16 2.6 x 16 
i.d. x I (cm) 
Electrolyte 0.3 M NaCI 0.3 M NaCI 0.3 M NaCI 0.3 M NaCI 
[HA] 40 mgr' 40 mg r' 40 mg r' 40mg r' 
pH 6.5 6.5 6.5 6.5 
Flow Rate 8.2 10 10 10 
(cm3 h") 
3HVp (cm3) 72.2 94.7 36.2 33.7 
% Porosity 14.2 18.6 46.2 39.6 
[Eu] (mol r') 5 x 10-8 5 X 10.8 5 x 10" 5 x 10-8 
Eu VII2 (cm3) *00 977.5 1335.0 203.6 
Rr *00 10.3 36.9 6.04 
Cumulative 18.72% 14.27% 29.72% 36.84% 
recovery 
after 200 cm3 
* The rate of increase in the plateau of this experiment, is so small that it is impossible 
to estimate when V 112 will be attained, see figure below. 
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Figure 2.75: EuHu I I-Hu through untreated Ciashach column 
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Figure 2.76: EuHu I I-Hu flooding through Acid washed 
Clashach Column. 
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Figure 2.77: EuHu through Cumbrian sand column. 
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Figures 2.75 and 2.76 show the europium activity in the outlet from the two Clashach 
columns, in each case similar levels of europium-l 52 activity are to be seen during the 
uptlooding of the columns. However for the untreated Clashach column the activity 
remains approximately constant once a plateau region has been reached at a C/Co of 
0.35. The acid washed column initially has a lower europium-l 52 activity in the outlet 
from the column but this increases steadily throughout the uptlooding of the column 
without appearing to reach a plateau. The I-Hu elution follows a similar pattern of 
behaviour, for the untreated Clashach column the iodine-l25 activity remains 
approximately constant once a plateau region has been reached at a C/Co of 0.82. The 
acid washed column initially has a lower iodine-l25 activity in the outlet from the 
column but this again increases steadily throughout the upflooding of the column 
without appearing to reach a plateau. 
Figures 2.77 and 2.78 show the europium-l 52 activity in the outlet from the two 
Cumbrian sand columns. As above both columns initially show similar levels of 
europium-I 52 activity, with the acid washed sand column again showing a larger 
gradient in the upflooding portion of the profile. 
These results suggest that the acid-washed columns are initially able to retain a similar 
quantity of europium as the untreated columns, but that as more europium is applied to 
the column during the upflooding, the capacity of the acid-washed columns to retain 
the europium starts to be exceeded, leading to an increase in the rate of recovery of 
europium. The same behaviour is observed for the radiolabelled humic material on the 
Clashach columns, suggesting that the observed results for the complex EuHu may be 
due to the inability of the acid washed surface to retain humic material. It is expected 
that the removal of positively charged iron from the surface would lead to a reduced 
uptake of the negatively charged humic species. Pure sand has been shown to take up 
significantly less humic material than pure sand to which 0.46% iron (as goethite 
FeOOH) had been added. However it is possible that clays may also be leached from 
the columns by the acid washing. Both the materials chosen for this study were known 
to contain only a small proportion of clay. Batch experiments were carried out with 
samples of pure sand to which quantities of clay or iron had been added (see section 
2.6). The results revealed that the influence of the proportion of clay present in the 
materials chosen for this study was likely to be negligible when compared to the effect 
of the iron present. 
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Further confirmation of the inability of the acid washed surface to retain EuHu is 
shown by a comparison of the results obtained from the detector monitoring the 
sorption of activity along the side of the Clashach column (figures 2.79 and 2.80). Here 
the CfCo values represent the europium-152 activity (cpm) in the column segment 
divided by the europium-152 activity entering the column (cpm cm-3). 
Figure 2.79: EuHu activity along untreated column at 
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Figure 2.80: Europium activity on Acid washed Clashach 
column at lOcm3h-1• 
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It can be seen that not only is less europium-152 activity sorbed to the acid washed 
column during the upflooding stage of the experiment, but that downflooding rapidly 
removes the europium-l 52 activity from the acid washed column. 
To further investigate the importance of iron in metal retention, column experiments 
were carried out on columns of pure sand, and pure sand to which 0.46% iron (as 
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FeOOH), had been added. Two further metals were used for this study - cadmium and 
zinc. Table 2.28 presents the results and figures 2.81, 2.82, and 2.83 show examples of 
the elution profiles obtained. 
Table 2.28: Effect of Added Iron on Eo, Cd, and Zn retention by Pure sand. 
Column Pure Pure Pure Pure Pure Pure 
Material Sand Sand + Sand Sand + Sand Sand + 
0.46% 0.46% 0.46% 
FeOOH FeOOH FeOOH 
Dimensions 2.6x 2.6x 2.6 x 2.6 x 2.6 x 2.6x 
i.d. x I (cm) 12.0 12.0 12.8 12.0 11.4 13.1 
Electrolyte O.OSM O.OSM 0.05 M O.OSM 0.05 M 0.05 M 
NaCI NaCI NaCI NaCI NaCI NaCl 
[HA] 10 mgr1 10 mg rl 10 mgr1 10 mg rl 10 mg rl 10 mg rl 
pH 6.5 6.5 6.S 6.S 6.S 6.5 
Metal Eu Eu Cd Cd Zn Zn 
Flow Rate 10 10 10 10 10 10 
(cm3 h-1) 
3H Vp (cm3) 28.3 27.0 30.5 30.0 27.0 31.0 
% Porosity 44.38 42.38 44.88 47.09 44.61 44.57 
[M] 10-6 10-6 10-6 10-6 10-6 10-6 
(mol rl) 
M V 112 (cm3) 142.0 1488.3 87.0 3325 224.0 8500 
Rr 5.02 5S.12 2.85 110.83 8.30 274.2 
Cumulative 34.44% 10.32% S2.47% 1.14% 13.4% 0.0% 
recovery 
after 200 cm3 
It can clearly be seen that the presence of iron in the geological matrix has a marked 
effect on the retention of all three metals. A minimum of a 10 x increase in Rr value, 
and a significant decrease in recovery after 200 cm3 was observed for all three metals. 
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Figure 2.81: EuHu through Pure sand and Pure sand + 
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Figure 2.83: ZnHu through Pure sand and Pure sand + 
2.5 FeOOB 
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2.4.c: Effect of competitive metals. 
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In order to determine the effect of competitive metal ions in a synthetic groundwater 
on the retention of europium by Cumbrian sand, a column was slurry packed with 
Cumbrian sand to give a column of dimensions 2.6 cm x 12 cm. A 'synthetic' 
groundwater was prepared matching the major ion analysis of ground water collected 
from the same site as the sand. The composition of the groundwater is shown in table 
2.29. 
Table 2.29: 'Synthetic' groundwater composition. 
Species Mass (g) Species Mass (g) 
MgCb 1.0653 NaHC03 1.1269 
KHC03 0.1259 CaCb 1.6970 
CaS04 0.6127 NaN03 0.0296 
The above was dissolved in nanopure water to give 201 of groundwater. The overall 
ionic strength of the groundwater was calculated to be 5.6 x 10-3 M and had a pH of 
10.2. The column was equilibrated with 10 mg rl humic acid in the prepared 
groundwater at a flow rate of 10 cm3 h- I , the porosity of the column was then 
determined by the injection of tritiated water. Carbon-14 labelled humic acid was 
prepared as detailed earlier. The final sample composition was 10.53 mg r1 humic acid, 
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at a specific activity of25200 dpm cm-3, at a pH of 10.2 in the groundwater solution. 
Europium humate was prepared at a europium concentration of 5.4 X 10-9 M, in 10 
mgr1 humic acid at a pH of 10.3 in the groundwater solution, and allowed to 
equilibrate for two weeks before use. The radiolabelled humic acid, and the europium 
humate were flooded separately through the column. The europium humate results 
were compared to those obtained during a previous experiment where EuHu was 
flooded through a Cumbrian sand column in the presence of humic material but in the 
absence of groundwater, and consequently at a lower pH. The results are shown in 
table 2.30 and figures 2.84 and 2.85. 
Table 2.30: 14C_humic acid and 1~2Europium humate through Cumbrian sand in 
the presence and absence of natural groundwater. 
Column Material Cumbrian Sand- Cumbrian Sand + 
Groundwater Groundwater 
Dimensions i.d. x I (cm) 2.6 x 12.6 2.6 x 11.6 
pH 6.5 10.2 
Flow Rate (cm3h-1) 10.04 10.12 
Electrolyte 5.5x 10-j MNaCI+ 5.6xlO-j M 
10.53 mg rl humic acid groundwater + 
10.53 mg rl humic acid 
3HVp (cm3) 33.0 30.0 
% Porosity 49.3 48.7 
14C_Ha VI12 (cm3) n/a 44.33 
Rr nla 1.48 
Cumulative recovery after nla 63.27 
200 cm3 
[Eu]( mol rl) 5.5 x 10-· 5.4 x 10-9 
Eu V 112 (cm3) not reached not reached 
Rr -
11 
-
Cumulative recovery after 15.70 24.22 
200 cm3 
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Figure 2.84:14C_Ha through Cumbrian sand at pH 10.2 
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Figure 2.85: Comparison of EuHu through Cumbrian sand 
with and without natural groundwater. 
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Figure 2.84 shows the elution profile for the radiolabeUed humic material. A typical 
humic elution profile was obtained, where the activity rises rapidly to a C/Co value of 
0.8, and then plateaus out. This indicates that nneither the pH or the presence of 
groundwater has a significant influence on the behaviour of humic acid. Figure 2.85 
shows the results obtained for EuHu migration through Cumbrian sand with and 
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without the presence of groundwater. The results indicate that the mobility of 
europium through Cumbrian sand is enhanced by the conditions of high pH and the 
presence of groundwater, as indicated by the earlier activity. Increased recovery of the 
EuHu was also observed. The humic acid results show that the increase in pH does not 
increase the recovery of humic acid, (competing cations are unlikely to influence the 
sorption of negatively charged humic species), and hence may not lead to enhanced 
recovery of a humic-metal complex. Indicating that the increased recovery and mobility 
of the EuHu is due to the presence of competing cations. This suggests that in 
situations where direct competition for sites within the geological matrix occurs, metal 
migration may occur more rapidly than expected. 
2.4.d Effect of re-flooding column outlet. 
It is well known that humic materials consist of many different size fractions, and it is 
not inconceivable that these fractions may behave in differing ways when migrating 
thorough porous media, due to their different size and charge characteristics. Several 
column experiments featuring humic colloids show greater levels of metal migration 
than expected. In order to determine whether there exists a 'mobile' fraction of humic 
material which always elutes unretained, a europium humate plus iodinated humic acid, 
migration experiment was carried out, using a 10 cm Clashach column. 
The column was equilibrated with 40 mg rl humic acid in 0.3 M NaCI at pH 6.5 for 3 
weeks. The column porosity was determined by tritium injection. 
Gel column analysis of the iodinated humic prior to use showed no free iodide to be 
present in solution. The Clashach column was flooded at 10 cm3 h-I with an inlet 
solution containing 5 x 1O-~ europium (0.6MBq) and 0.2MBq I25I_Hu. 2.85 cm3 
fractions were collected every 17 minutes, and counted for both iodine-125 and 
europium-l 52 activity. The first 100 cm3 eluted from the column was retained, 
combined, and stored in the dark at 4°C after counting. Once the europium recovery 
had become constant, the Clashach column was downflooded with 40 mg rl humic 
acid in O.3M NaCI at pH 6.5 until no activity was detectable in the eluant. The porosity 
of the column was re-determined by tritium injection, and the collected eluant was re-
flooded through the Clashach column. Due to the limited volume of the sample 
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collected, once 90 cm3 had passed through the column, it was then downflooded as 
previously with 40 mg r1 humic acid in O.3M NaCI at pH 6.5 until no activity was 
detectable in the eluant. 
The results of these experiments are shown below in figures 2.86 and 2.87. 
Figure 2.86: EuHu / I-Hu through lOcm Oashach Column. 
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Table 2.31: Results of re-flooding eluant tbrougb Clasbacb column. 
Description EuHu + I-Hu through EuHu + I-Hu Re-flooded 
Clashach Column through Clashach column 
Dimensions i.d. x I (cm) 5 x 10.2 5 x 10.2 
Electrolyte 0.3 M NaCI 0.3 M NaCI 
[HA] (mg rl) 40 40 
pH 6.5 6.5 
Flow Rate (cm' h- I) 10.05 10.05 
'H Vp (cm3) 16.91 26.56 
% Porosity 10.01 15.72 
I-Hu VI12 (cm3) 39.9 35.4 
Rf 2.36 1.33 
Cumulative recovery after 64.48% 81.66% 
200 cm3 
EuHu V 1/2 (cm3) (V1I3) 145.2 not reached 
RE 8.59 -
Cumulative recovery after 40.53% 47.34% 
200 cm3 
It was expected that the material passing unretained through the column, (as suggested 
by the rapid rise in eluted activity within the first 100 cm3 elution from the first 
experiment), would pass directly through the column when it was reflooded, i.e. rising 
rapidly to a C/Co of 1. Overlaying the above two graphs (shown in Figure 2.88) 
indicates that the eluted material is still behaving similarly to that which has not been 
passed through the column, and starting to plateau out at the same eluted volume. 
However the cumulative recovery shown in Figure 2.89 shows that there is a slight 
enhancement of the recovery of both the reflooded I-Hu and EuHu relative to the input 
activity, this is probably due to the most reactive sites within the column already having 
been taken up during the first flooding experiment. This experiment indicates that there 
is not a 'mobile' fraction of the humic material which is always eluted unretained, or 
that if this fraction does exist, the rate at which it redistributes to recreate the original 
mixture of species is too quick to have been seen within this experiment. 
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Figure 2.88: EuHu I I-Hu through lOcm Clashacb Column. 
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2.5 Comparison of column conditions 
During this section of experimental work, several experiments were undertaken to 
investigate the effect that the physical characteristics of the columns had on the 
migration of europium. Two characteristics were investigated, the length of the 
columns used, and the flow rate through the columns. 
2.5.a: Effect of column length. 
Clashach columns of three different lengths, 10.16 cm, 20.32 cm, and 30.5 cm, were 
equilibrated at 10 cm3 h-1,with 40 mg rl humic acid in 0.3M NaCI at pH 6.5 for several 
weeks. 
Flooding solutions containing 5 x 10-9 M europium plus 0.6MBq europium-1 52 were 
allowed to equilibrate with O.3MBq 12SI_Hu in 40 mg rl humic acid and O.3M NaCI at 
pH 6.5 for the same length of time. The porosity of each column was determined by 
flooding with tritium in a humic acid solution. 
Migration experiments were carried out at 10 cm3 h-1. The retention factor and 
recovery were calculated for both the iodinated humic and the europium humate. The 
results are shown below in figures 2.90, 2.91, and 2.92. 
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Figure 2.91: EuHu I I-Hu through 20.3 cm C1ashach column 
at 10 cm3 h-1 
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Table 2.32: Effect of Column length on Europium migration through Clashacb. 
Column I Column 2 Column 3 
Dimensions 4.6 x 10.16 4.6 x 20.32 4.6 x 30.5 
(i.d. x I) (cm) 
3H V 1/2 (cm3) 38.45 61.84 72.0 
Porosity 22.44 18.31 14.20 
I VI12 (cm3) 73.5 124.0 107.96 
IRe 1.91 2.00 1.50 
Cumulative I-Hu 45.02% 35.31% 38.04% 
Recovery after 200 
cm
3 
Eu V1/2 (cm3) 1163.8 1978.0 not reached 
EuRr 30.26 31.99 -
Cumulative EuHu 16.76% 12.83% 18.72% 
Recovery after 200 
cm
3 
As can be seen from the recoveries shown in the table above, and from the graphs, 
there is very little difference in recovery of either I-Hu or EuHu between the three 
columns. The average europium recovery after 200 cm3 has passed through the 
columns being 16.10%, and the average iodinated humic recovery after 200 cm3 has 
passed through the columns being 39.46%. This is a surprising finding, ifit is 
considered that there would be an expected three times as many sites available for 
sorption of the EuHu in the 30.5 cm column, as there are in the 10.16 cm column. 
However as discussed earlier the adsorption profile along the length of the column 
shows that the majority of metal retention takes place within the first sections of the 
column. The activity build up on each of the three columns is shown in figures 2.93, 
2.94, and 2.95. Only the central column position could be monitored on the 10.2 cm 
and 20.3 cm columns due to the detector size, 6 positions were monitored on the 30.5 
cm column, 5cm apart. C/Co values are calculated as activity per segment divided by 
the input specific activity. 
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Figure 2.93: EuHu activity on 10cm Clashach column 
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Figure 2.95: EuBu activity on 30cm Clashach column 
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Using the single Rd model to describe the sorption of europium within the 30cm 
column an attempt to predict the column adsorption profile and eluted recovery of 
EuHu for the 10cm and 20cm columns was made using the simple model described on 
page 107. From the equation given on page 107 each ofthe 6 segments should retain 
17.97% of the activity entering the segment. The theoretical sorption ofEuHu along 
the Clashach column is shown in table 2.33 and in figure 2.96. A comparison of the 
theoretical and experimental sorption ofEuHu along the Clashach column is shown in 
figure 2.97. 
Table 2.33: Theoretical sorption of EuBu along Clashach column. 
Column Position % entering segment % sorbed log % sorbed 
1 100.00 17.97 1.2545 
2 82.03 14.74 1.1685 
3 67.29 12.09 1.0825 
4 55.20 9.92 0.9965 
5 45.28 8.14 0.9104 
6 37.14 6.67 0.8244 
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Figure 2.96: Theoretica! % europium sorbed on Clashach at 
lOcm3h-1 
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It can be clearly seen that at 10 cm3h" the experimental data shows fairly good 
agreement with the simple model. Unlike earlier in this thesis, where a similar 
experiment was carried out at 30 cm3h". The flow rate in this experiment is just slow 
enough for local equilibrium to be assumed along the length of the column. 
The rate at which the europium activity builds up is different for each segment and 
decreases with distance along the column, this is shown in figure 2.98. 
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Figure 2.98: Log slope of activity build up in each column 
segment. 
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Using the linear equation obtained from figure 2.98 it is possible to determine the 
activity in a segment at any volume. Each segment is 5cm apart, therefore the sum of 
segments I and 2 would be equivalent to the total sorption on a 10cm column, and the 
sum of segments 1-4 would be equivalent to the total sorption on a 20cm column. 
Hence for 1000cm3 eluted volume the theoretical and experimental percentage sorption 
and recovery are shown in table 2.34 for the 10cm and 20cm columns. 
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Table 2.34: Theoretical and experimental values for Europium sorption on lOcm 
and 20cm Clashach columns. 
10cm column 20cm column 
Theoretical Experimental Theoretical Experimental 
Total Activity sorbed 0.6084 17.32 0.9814 9.0628 
after 1000cm3 asC/Co 
% sorbed 34.95 66.58 56.39 74.20 
For both columns the simple Rd model greatly under predicts the activity retained 
during the flooding experiment. 
This can be seen by a comparison of the predicted and experimental activity profiles. 
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Figure 2.99: Comparison of Predicted and experimental 
EuHu sorption on 10cm Clashach column 
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Figure 2.100: Comparison of Predicted and experimental 
EuHu Sorption on 20 cm Clashach column. 
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It can be clearly seen that there is very little difference in recovered europium activity 
between the three column. Hence there must be very little difference in the overall 
retained europium activity. Therefore on the shorter length columns there will be 
higher levels of activity retained within the initial segments. This would not have been 
predicted. The results may simply be due to differences in porosity and chemical 
composition between the three columns, however the columns would have to vary 
systematically to produce such results. 
2.5.b: Effect of eluant flow rate. 
The flow rate through the column is an important physical characteristic of each 
experiment, and wherever feasible it is kept as close to realistic groundwater flow rates 
as possible. However due to the limited timescales available for this type of 
experimental work, it is important to know the effect on the retention of metals, of 
altering the flow rate. 
Three 10.16 cm Clashach columns were equilibrated with 0.3M NaCI containing 40 
mg rl humic acid at pH 6.5 at 5 cm3 h-\ 10 cm3 h-\ and IS cm3 h- l The porosity of 
each column was determined by flooding with tritium and measuring the volume at 
which 50% of the inlet specific activity, first eluted from the column. Europium 
migration experiments were then carried out by flooding each column, at the specified 
flow rate, with 5 x 10-9 M europium (0.6MBq), in 0.3M NaCl containing 40 mg rl 
humic acid, and 125r_Hu, (0.3MBq), at pH 6.5. The experiments at 10 cm3 h- I, and 15 
cm
3 h- I were repeated on the first column in an attempt to limit the effects due to 
different column compositions. 
The results of these experiments are shown below. 
144 
1.0 
0.8 
0.6 
C/Co 
0.4 
0.2 
0.0 
1.0 
0.8 
C/CO~:: 
0.2 
0.0 
Figure 2.101: EuHu I I-Bu through Clashacb column 1 at 
5 cm~·t 
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Figure 2.102: EuBu I I-Bu through Clashach column 2 at 
10 cm3h- t 
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Table 2.35: Effect of flow rate on Eu retention on different C1asbacb columns. 
Flow Rate (cm3h- 1) 5 10 IS 
3H V1n (cm3) 29.0 38.45 36.03 
Porosity (%) 17.18 22.77 21.34 
I-Hu Vm (cm3) 52.5 73.5 38.5 
Rr 1.81 1.91 1.07 
IHu C/Co at 200cm3 * porosity 0.1295 0.1478 0.1923 
IHu C/Co at 400cm3 * porosity 0.1417 0.1624 0.2029 
I-Hu Cumulative recovery after 0.0973 0.1025 0.1489 
200cm3 * porosity 
1-Hu Cumulative recovery after 0.1145 0.1293 0.1729 
400cm3 * porosity 
EuHu Vm (cm3) 1444.0 1163.8 643.2 
Rr 49.79 30.27 17.85 
EuHu C/Co at 200 cm3 * 0.0510 0.0578 0.0811 
porosity 
EuHu C/Co at 400 c~ * 0.0541 0.0717 0.0935 
porosity 
EuHu cumulative recovery 0.0350 0.0378 0.0578 
after 200 cm3 * porosity 
EuHu cumulative recovery 0.0411 0.0519 0.0728 
after 400 cm3 * porosity 
The increase in flow rate through the three different columns has a direct effect on the 
recoveries of both I-Hu and EuHu, once the effect of change in porosity between the 
columns has been taken in to account. The effect on the cumulative or total recovery 
ofI-Hu and EuHu is not so clear, as a linear relationship was not observed, (see figures 
2.104-2.107). 
However to ensure this was not simply due to the differences between the columns the 
experiments at 10 cm3 h-\ and 15 cm3 h-1 were repeated on column 1. The results are 
shown in figs 2.108 and 2.109. 
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Figure 2.104: Effect offlowrate on recovery of I-Hu from 
different columns 
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Figure 2.105: Effect offlowrate on cumulative recovery ofI-
Hu from different columns 
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Figure 2.106: Effect of flowrate on europium recovery from 
different columns 
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Figure 2.107: Effect offlowrate on cumulative europium 
recovery from different columns 
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Figure 2.108: EuHu It-Hu through Clasbacb column 1 at 
10 cm3b-1 
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Figure 2.109: EuHu I I-Hu through Clasbach column 1 at 
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Table 2.36: Effect of flow rate on Eu retention on same Clashach column. 
Flow Rate (cm3h·1) 5 10 15 
3H V J(l (cm3) 29.0 29.0 29.0 
Porosity 14.5 14.5 14.5 
I-Hu Vlf}. (cm3) 52.5 43.1 41.0 
Rc 1.81 1.49 1.41 
IHu C/Co at 200 cm3 0.7538 0.8182 0.8980 
IHu C/Co at 400 cm3 0.8248 0.8687 0.9180 
I-Hu Cumulative recovery after 0.5664 0.6284 0.7053 
200 cm3 
1-Hu Cumulative recovery after 0.6665 0.7374 0.8017 
200 cm3. 
EuHu Vlf}. (cm3) 1444.0 not reached not reached 
Rc 49.79 - -
EuHu C/Co at 200 cm3 0.297 0.401 0.450 
EuHu C/Co at 400 cm3 0.315 0.442 0.450 
EuHu cumulative recovery 0.204 0.297 0.351 
after 200 cm3 
EuHu cumulative recovery 0.239 0.363 0.400 
after 400 cm3 
The results (figs 2.110-2.111) indicate that there is a direct correlation between the 
eluent flow rate, and both the recovery of europium humate and iodinated humic 
material, and the cumulative, or total, recovery of europium humate and iodinated 
humic material from the column. 
To investigate further the influence of flow rate two 30cm Clashach columns were 
flooded with EuHu I I-Hu at 10cm3h·1 and 30cm3h·1, the activity build up along the 
column was monitored in addition to the activity in the effluent. The results are shown 
in figures 2.112-2.115. 
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Figure 2.110: EtTect of flow rate on I-Hu recovery from same 
column 
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Figure 2.111: EtTect offlow rate on cummulative recovery of 
I-Hu from same column 
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Figure 2.112: Effect of flow rate on europium recovery from 
the same column 
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Figure 2.113: Effect of flow rate on cummulative europium 
recovery from the same column 
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Figure 2.114: EuHu I I-Hu flooding through 30.5 cm Clashach 
at 30 cm3h-1 
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Figure 2.115: EuHu activity along the column at 30cm3h-1 
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Figure 2.116: Cumulative C/Co for EuHu build up on 30cm 
c1ashach at 30 cm3h-1 
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Figure 2.117: EuHu / I-Hu through 30.5cm Clashach column 
at lOcm3h-1 
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Figure 2.118: EuHu activity along the column at IOcm3h-! 
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Figure 2.119: EuHu Cummulative Build up along Clashach 
column at lOcmJh-1 
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Table 2.37: Effect of flow rate on EuHu and I-Hu recovery from different 30cm 
C1ashach columns. 
Flow Rate (cm3h-1) IOcm3h-1 30 cm3h-1 
3H V!{1 (cm3) 72.2 81.4 
Porosity (%) 14.2 16.1 
T-Hu VI/2 (cm3) 106.6 116.7 
Rr 1.48 1.43 
IHu C/Co at 200 cm3 * 0.108 0.115 
porosity 
IHu C/Co at 400 cm3 * 0.117 0.130 
porosity 
I-Hu Cumulative 0.054 0.059 
recovery at 200 cm3 * 
porosity 
I-Hu Cumulative 0.085 0.095 
recovery at 400 cm3 * 
porosity 
EuHu V!{1 (cm3) not reached not reached 
Rr - -
EuHu C/Co at 200 cm3 * 0.048 0.044 
porosity 
EuHu C/Co at 400 cm3 * 0.048 0.049 
porosity 
EuHu cumulative 0.026 0.021 
recovery at 200 cm3 * 
porosity 
EuHu cumulative 0.038 0.034 
recovery at 400 cm3 * 
porosity 
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The elution curves for the two flow rates shown in figures 2.114 and 2.117 show little 
difference in the recovery or mobility of europium humate or iodinated humic material 
at the two flow rates. Indeed once the differences in porosity have been accounted for 
the results are very similar from the two columns. However when the activity build up 
along the column is examined (figures 2.115 and 2.118), it can be seen that the column 
flooded at IOcm3h-1 exhibits a greater build up of activity in relation to the activity 
entering the column, than the column flooded at 30cm3h- l . If the segment 
approximately 5 cm along the column alone is considered it can be seen that the build 
up of activity in the 10cm3h-1 column is approximately three times as fast as the column 
flooded at 30cm3h- l . The rate of activity increase for the IOcm3h-1 column = 9.09 x 10-3 
cm-3, and for the 30cm3h-1 column = 2.74 x 10-3 cm-3 . Obviously the europium humate 
sorption to the sandstone surface is subject to kinetic restraint. 
Figures 2.116 and 2.119 show the cumulative recovery along the column obtained by 
the following equation, where CE is the counting efficiency of the detector. 
Cumulative C/Co (no units) = . Activity sorbed to column (cpm) 
Inlet activity (cpmcm-3) • CE • volume eluted (cm3) 
The actual values for cumulative C/Co along the column are approximately the same 
for both flow rates. 
Figure 2.116 shows that the activity sorbed on to the column flowing at 30 cm3h·1 is 
mostly sorbed in first segments i.e. those closest to the inlet, but is continually 
desorbing and resorbing further along the column. This is clearly shown when the 
downflooding starts (2500cm3) and no further activity is entering the column, the 
cumulative C/Co of segment 1 decreases, and then increases in those segments further 
along the column. The column flooded at 10 cm3h-1 shows a lesser degree of release of 
europium from the initial segments on downflooding. 
To investigate further the effect of flow rate on migration, a series ofCumbrian sand 
column flooding experiments were carried out. The porosity of the packed columns 
was measured with tritiated water, after equilibrating the columns with 10 mg rl humic 
acid in 0.05M NaCI at pH 6.5. The migration of 152EuHu and I09CdHu was monitored 
at two flow rates, the first being 10 cm3 h-I and the second 30 cm3 h- I. The results of 
these experiments being shown below in table 2.38 and figures ;U20 and 2.121. 
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Table 2.38: Effect of flow rate on Eu and Cd retention on Cumbrian sand. 
Description Cd-I09 Cd-I09 Eu-152 Eu-152 
IOcm3h" 30cm3h" IOcm3h-' 30cm3h" 
Dimensions (cm) 2.6 x 12.3 2.6 x 12.1 2.6 x 12.3 2.6 x 12.4 
3H Vp(cm3) 23.13 21.35 25.76 22.09 
Porosity 36.19 33.23 39.45 33.55 
M"+ Vlf2 (cm3) 8563 6300 not reached not reached 
Rf 370 295 - -
Cumulative Recovery 0.17% 2.55% 8.12% 8.91% 
after! 000 cm3 
The cumulative recoveries obtained for europium migration through Cumbrian sand as 
on the Clashach columns do not vary greatly with flow rate changes between 10 and 
30 cm3h'I Earlier work has shown a significant relationship between the recovery of 
europium humate and flow rate from 10cm Clashach columns, and it may be that once 
a particular flow rate is exceeded, e.g. 10 cm3 h" there is no further enhancement of the 
europium recovery. However this cannot be deduced from the experiments carried out 
here. 
It can be seen from the above graphs for cadmium that increasing the flow rate greatly 
increases the recovery, and decreases the retention factor. 
The effect of increasing the column flow rate appears, under some column conditions, 
to have a direct influence on the mobility and recovery of metal humic complexes from 
columns of porous media. 
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2.6 Batch Adsorption Experiments. 
2.6.1 Initial Experiments 
A series of initial experiments were carried out to determine which conditions were 
suitable for the study of metal humic sorption on to various sand types using the batch 
technique. The experiments included determining 
1. the sorption of europium-IS2 on to several vial types, 
2. the influence on sample pH of 4-morpholine ethansulfonic acid buffer (MES), and 
3. the time necessary to achieve equilibrium between the sand and metal complex. 
2.6.1.a Adsorption of I~U on to vials. 
In order to determine the most suitable vials for europium batch adsorption studies 
three different types of vial were considered; acid washed glass vials, polypropylene 
vials with an anti-static coating, and acid washed polypropylene. During the trial the 
ability ofO.OIM MES buffer to maintain the solution at pH 6.S was also monitored. 
The prepared vials were separated into two groups consisting of four of each vial type. 
9.S cm3 O.3M NaCl at pH 6.5 were added to the first group, while 9.S cm3 O.3M NaCl 
+ O.OIM MES buffer at pH 6.S were added to the second group. Europium stock 
solutions were prepared by adding SO kBq IS2EuCh to samples ofO.3MNaCl at pH 6.S 
and O.3M NaCl + O.OIM MES buffer at pH 6.5 such that each final stock volume was 
10 cm3 O.S cm3 of the stock solutions were then added to each of the prepared vials. 
After 24 hours equilibration the metal sorption on to the vials was checked by 
removing and counting three 1.0 cm3 aliquots from each vial, and comparing to the 
initial stock activity (see table 2.40). The final pH of each vial was also determined. 
Table 2.39 shows the pH of each vial after 24 hours. In the absence of buffer, the final 
pH values were all lower than expected. This is due in part to the release of protons 
occurring as the europium sorbs to the walls of the vessel, but is mainly due to the 
composition of the active stock solution from which the europium-lS2 was removed, 
as it is supplied as a solution in O.lM HCI. 
Obviously the presence of the pH buffer maintains a steadier pH value, and should be 
used for future batch experiments. 
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Table 2.39: pH of europium sorption studies. 
NaCl NaCI+MES 
Acid Poly- Acid Acid Poly- Acid 
Washed propylene Washed Washed propylene Washed 
Glass Poly- Glass Poly-
propylene propylene 
4.649 5.457 5.120 6.749 6.756 6.754 
4.590 5.659 5.406 6.748 6.750 6.757 
5.076 5.705 5.524 6.743 6.747 6.756 
5.329 5.578 5.601 6.752 6.752 6.763 
Table 2.40: Average europium activity remaining in solution after sorption to 
differing vial types. 
NaCI NaCI +MES 
Activity Average % Activity Average % 
(cpm cm-3) (cpm cm-3) 
Acid 13071 88.14% 5768 42.43% 
Washed 11584 5859 
Glass 12798 5548 
11805 5065 
Polypropylene 12589 89.80% 9895 76.83% 
12389 10183 
12666 10307 
12554 9884 
Acid 12319 88.26% 12886 87.37% 
Washed 12221 11054 
Polypropylene 12507 11113 
12279 10743 
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Each vial type gave very similar levels of adsorption to the surface when the pH's were 
not maintained at 6.5 by the presence ofMES buffer. However where the pHs were 
controlled it can be seen that europium sorbs strongly to the glass vials, decreasing the 
activity remaining in solution. The presence of the anti-static coating on the 
polypropylene vials also shows an increased binding effect in comparison to the acid 
washed vials, this is likely to be due to the organic nature of the coating. The acid-
washed polypropylene vials had the lowest level of europium-I 52 sorption and were 
used in all further batch experiments. 
2.6.1.b Determination of equilibration time. 
To determine whether the equilibration time to be used in the batch adsorption 
experiments was a suitable equilibration time for the batch adsorption of europium on 
to sand with and without the presence of humic acid, experiments were set up as 
follows. Ig ofCumbrian sand was added to each ofJO acid washed polypropylene 
vials. A second set of 30 vials was left without the addition of sand to allow for the 
determination of sorption to the vessel walls. 9.5 cm3 of 41.1 mg rl humic acid in 0.3M 
NaCI + O.OIM MES buffer at pH 6.512 were added to 15 vials from each set. 9.5 cm3 
ofO.3M NaCI + O.OIM MES buffer at pH 6.503 were added to the remaining 15 vials 
in each set. The vials were left for 24 hours to equilibrate prior to the addition of 0.5 
cm
3 
of 1s2EuCh in 0.3M NaCI + O.OIM MES buffer at pH 6.503. (Activity of stock 
solution was 100 kBq in 20 cm3 electrolyte, hence activity in each vial was 2.5 kBq, at 
a metal concentration of 4.305 x 1O-~. Three 1.0 cm3 aliquots of the active europium 
stock solution were counted giving an average activity of273728 cpm cm-3 
The batch samples were analysed after varying lengths of time. In each case 5 cm3 
were removed from each vial and passed through a 0.45 Ilm syringe filter. Three I cm3 
aliquots were then removed from the filtrate and counted. The average count for each 
vial, after removal of background, is shown in table 2.41. The Rd value is calculated as 
Rd = (Aa; A)(:) (cm3 g-l) 
where Ao is the specific activity of the control vial (cpm cm-\ A is the specific activity 
of the batch vial (cpm cm-3), V is the volume of the liquid phase (cm3), and M is the 
mass of the solid phase (g). The calculation of errors is given in appendix 4. 
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Table 2.41: 4.3 x 10-9 M europium sorption on to Cumbrian sand. 
without humic with humic 
Time description vial only vial + sand vial only vial + sand 
(days) (Ao) (A) (Ao) (A) 
(cpm cm-3) (cpm cm-3) (cpm cm-3) (cpm cm-3) 
5 Vial 1 13355.7 1703.3 13084.3 4159.5 
Vial 2 13504.0 1922.0 12988.0 3927.0 
Vial 3 13699.3 1850.3 12755.3 3990.0 
Average 13519.7 1825.2 12942.5 4025.5 
± SD ± 172.35 ± 111.50 ± 169.15 ± 120.25 
Rd (cm3 it) 64.07 ±4.07 22.15 ±0.84 
12 Vial 1 13364.7 1087.7 12909.0 2591.3 
Vial 2 13405.7 1018.3 12827.0 2427.3 
Vial 3 12960.0 987.0 12771.7 2796.7 
Average 13243.5 1031.0 12835.9 2605.l 
± SD ± 246.35 ± 51.55 ± 69.10 ± 185.1 
Rd (cm3 got) 118.45 ±6.41 39.27 ±2.89 
21 Vial 1 13285.3 704.3 12785.3 2055.0 
Vial 2 13351.3 825.7 12842.3 2201.0 
Vial 3 13357.7 766.0 12874.7 1985.3 
Average 13331.43 765.33 12834.1 2080.43 
± SD ±40.08 ± 60.70 ±45.26 ± 110.08 
Rd (cm3 got) 164.19 ± 13.06 51.69 ±2.79 
28 Vial 1 13437.3 513.5 12165.5 1546.6 
Vial 2 13103.3 489.9 12797.1 1750.7 
Vial 3 13824.7 409.9 l3113.8 1483.3 
Average l3455.1 471.1 12692.l3 1593.53 
± SD ± 361.00 ± 54.30 ± 482.8 ± l39.75 
Rd (cm3 got) 275.61 ± 32.70 69.65 ±6.87 
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35 Vial I 13088.3 472.3 12856.3 1502.0 
Vial 2 12955.0 506.0 12901.3 1655.0 
Vial 3 13059.0 398.0 12844.0 1532.3 
Average 13034.1 458.77 12867.2 1563.1 
± SD ± 70.05 ± 55.26 ± 30.16 ± 81.02 
Rd (cm3 g-l) 274.11 ± 33.07 72.32 ± 3.79 
These results detailed above and shown in figure 2.122 indicate that the presence of 
humic acid has a marked influence on the sorption of europium onto Cumbrian sand, 
with approximately only one third of the initial metal uptake on to the sand being seen 
in the presence of the humic acid. In both cases however it can be seen that the 
increase in Rd value with time appears to be minimal after 28 days. It was then decided 
that an equilibration time of 28 days would be used in further batch experiments. 
Rd 
Figure 2.122: Batch europium sorption on Cumbrian sand 
with time. 
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2.6.2 Adsorption isotberm for europium and europium bumate complex on 
Cumbrian sand 
In order to determine the influence of europium concentration and the presence of 
humic acid on europium sorption onto Cumbrian sand a series of batch experiments 
were set up. Ig Cumbrian sand and 9.5 cm3 O.3M NaCI O.OIM MES containing 40 mg 
rl HA was placed into 3 vials at each concentration then the pH was adjusted to 6.5. 
The vials were left overnight before 0.5cm3 of europium-I 52 stock solution was 
added, (I OOkBq in 20cm3 electrolyte), and sufficient inactive EuCh to produce the 
required europium concentration. The above was repeated excluding the humic acid 
and finally, excluding the sand to give a measure of the europium sorption to the walls 
of the vials. The vials were sampled as detailed above. Three I cm3 a1iquots were 
counted for europium. The average of these counts after background has been 
subtracted are given below in table 2.42 and shown in figure 2.123. 
Table 2.42: Sorption of europium on to Cumbrian sand with increasing 
europium concentration. 
[Eu] (M) Ao (-HA) A (-HA) Ao(+HA) A (+HA) 
(cpm cm-3) (cpm cm-3) (cpm cm-3) (cpm cm·3) 
7.50E-09 20195 1541.3 22711 3176 
20971 1504 22832 2849 
20619 1592 22223 2695 
Average 20595.00 1545.77 22588.67 2906.67 
± SD ± 388.56 ± 44.17 ± 322.40 ± 245.63 
Rd (cm3 g-I) 123.23 ± 4.34 67.71 ±5.89 
1.00E-08 21013 1408 22583 2546 
20969 1486 22312 2488 
20648 1437 22347 2510 
Average 20876.67 1443.67 22414.00 2514.67 
± SD ± 199.25 ± 39.42 ± 147.40 ± 29.28 
Rd (cm3 g-I) 134.61 ± 3.94 79.13 ± 1.l0 
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2.50E-08 20516 1270 22324 2493 
20606 1383 22373 2164 
20492 1407 22144 2341 
Average 20538.00 1353.33 22280.33 2332.67 
± SD ± 60.10 ± 73.15 ± 120.6 ± 164.66 
Rd (cm3 g-l) 141.76 ± 7.70 85.51 ±6.1O 
5.00E-08 20507 1510 22174 2654 
20674 1347 21645 2740 
20632 1410 21687 2404 
Average 20604.33 1422.33 21835.33 2599.33 
± SD ± 86.87 ±82.20 ±294.04 ± 174.54 
Rd (cm3 g-l) 134.86 ± 7.84 74.00 ±5.14 
7.50E-08 20546 1501 21734 2591 
20905 1342 21638 2420 
20457 1467 21937 2716 
Average 20636.00 1436.67 21769.67 2575.67 
±2SD ± 237.17 ± 83.73 ± 152.66 ± 148.59 
Rd (cm> g-l) 133.64 ± 7.98 74.52 ±4.38 
Figure 2.123: Sorption isothenn for europium on Cumbrian 
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The results show that the sorption of europium and europium-humic complexes onto 
Cumbrian sand is linear over the concentration range considered. Using the equation 
q, = KDC (g g-I) where q, is the mass of solute sorbed per unit mass of solid (g g-I), 
at equilibrium with a solution of solute concentration C (g cm-\ and Ko is the 
distribution coefficient (cm3 g-I). The Ko value for europium sorption on to Cumbrian 
sand is 13443 cm3 g-I and the Ko value for europium humate sorption on to Cumbrian 
sand is 7500.4 cm3g-l . The influence of humic acid on the batch Ko value can be 
clearly seen, with europium chloride having a Ko value almost twice that of europium 
humate. This effect has been clearly seen in the column experiments where europium 
humate passes unretarded through columns packed with Cumbrian sand, (although 
some 100% recovery is not obtained), yet the europium chloride did not breakthrough 
within the timescale of the experiment. 
2.6.3 Batch experiments for analysis of results from column experiments. 
In order to help analyse the results obtained from the column flooding experiments, a 
series of batch experiments were undertaken. These involved determining the Rd 
values for the various metal species studied on the column packing materials. The 
influence of time on some of the Rd values was also measured in order to determine 
the influence of kinetics both on the Rd value and on the recovery of metal species 
from packed columns under conditions of differing flow rates. 
2.6.3.a Measurement of Rd values for I x 10-6 M europium on pure sand with 
and without humic acid. 
10 x 20 cm3 vials were prepared, with Ig of pure sand and 9.5 cm3 ofO.OSM Nael / 
O.OIM MES buffer at pH 6.5. 10 x 20 cm3 vials were prepared as above except for the 
inclusion of 10 mg rl humic acid. A further 20 x 20 cm3 vials were prepared as above 
but minus the sand as controls. 
The vials were left for 48 hours to equilibrate before adding the europium as 0.5 cm3 of 
a 2 x 1 O-~ solution of EuCh plus IS2Eu. The vials were then left to equilibrate for 28 
days before sampling. 
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5 cm3 were removed from each vial using a 0.45 !lm syringe filter. 3 x I cm3 aliquots 
were then accurately removed from this solution and counted for l52Eu activity. The 
average of these counts is given below. 
Table 2.43: Rd values for 1 x 10-<1 M europium on pure sand with and without 
humic acid. 
Vial Ao (- HA) A (- HA) Ao (+HA) A (+HA) 
(cpm cm-3) (cpm cm-3) (cpm cm-3) (cpm cm·3) 
I 72056 14590 68651 52977 
2 72936 14299 70132 52747 
3 74874 15719 69012 53626 
4 74096 15238 64736 52146 
5 76618 15048 65686 51933 
6 74276 15456 70022 53516 
7 75354 14983 68852 53282 
8 74980 14894 67842 51422 
9 75102 14645 69234 55052 
10 77407 14566 67392 52178 
average 74769.9 14943.8 68155.9 52887.9 
± SO 1574.2 439.4 1779.2 1049.9 
Rd (cm3 g"1) 40.03 ± 1.61 2.89 ± 0.39 
As earlier the presence of humic acid has a marked effect on the sorption of europium 
to pure sand. The RI value for europium humate on pure sand is almost fourteen times 
that for europium chloride. Using the equation Rr = I + RI p (1 - E) / E (362), it is 
possible to predict the retention factors obtained during column experiments. 
The predicted Rr for EuHu through pure sand is 6.288 cm3 g-l, while the experimental 
Rfwas 5.02 cm3g-l . There is relatively good agreement between the two values 
however the experimental value is slightly lower as equilibrium is not attained during 
the column experiments unless very slow flow rates are used. 
Column experiments were not carried out on pure sand without the presence of humic 
acid. 
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2.6.3.b Measurement ofRd values for 1 x 10-<; M cadmium on pure sand with and 
without humic acid. 
10 x 20 cm3 vials were prepared, with Ig of pure sand and 9.5 cm3 ofO.05M NaCI / 
O.OIM MES buffer at pH 6.5. 10 x 20 cm3 vials were prepared as above except for the 
inclusion of 10 mg rl humic acid. A further 20 x 20 cm3 vials were prepared as above 
but minus the sand as controls. 
They were left for 48 hours to equilibrate before adding the cadmium as 0.5 cm3 of a 2 
x 10-5M solution of CdCh plus I09Cd. The vials were then left to equilibrate for 28 days 
before sampling. 
5 cm3 were removed from each vial using a 0.45 ~m syringe filter. 3 x I cm3 a1iquots 
were then accurately removed from this solution and counted for 109Cd activity. The 
average of these counts is given below. 
Table 2.44: Rd values for 1 x 10-<; M cadmium on pure sand with and without 
humic acid. 
Vial Ao (- HA) A (- HA) Ao(+HA) A(+HA) 
(cpm cm·3) (cpm cm-3) (cpm cm-3) (cpm cm-3) 
I 25235 23516 25178 24064 
2 25629 23474 25541 23632 
3 27199 23033 24905 23891 
4 27967 23299 25443 23579 
5 26045 23153 24767 23934 
6 27782 23966 25032 23096 
7 26156 23275 25479 23280 
8 24851 23095 25497 23422 
9 24951 22380 25797 23034 
10 24934 25172 24597 23381 
average 26074.9 23436.3 25223.6 23531.3 
± SD 1189.4 731.9 388.6 353.1 
Rd (cm3 g-I) 1.12 ±0.60 0.72 ±O.22 
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The presence of humic acid has less effect on the sorption of cadmium to pure sand 
than on the sorption of europium to pure sand. Considering the errors there is little 
difference between the two values. 
The predicted Rc for CdHu through pure sand is 6.214 cm3 g"l, while the experimental 
Rfwas 2.9 cm3g"I The predicted Rc for Cd through pure sand is 2.91 cm3 g"\ while 
the experimental Rfwas 1.3 cm3g"l. Once again there is relatively good agreement 
between the two values however the experimental value is slightly lower as equilibrium 
is not attained during the column experiments unless very slow flow rates are used. 
2.6.3.c Measurement of Rd values for 1 x 10-6 M europium on pure sand + 0.46% 
goethite with and without humic acid. 
10 x 20 cm3 vials were prepared, with Ig total weight of pure sand + 0.46% goethite, 
and 9.5 cm3 ofO.05M NaCII O.OIM MES buffer at pH 6.5. 
10 x 20 cm3vials were prepared as above except for the inclusion of 10 mg rl humic 
acid. 20 x 20 cm3 vials were prepared as above but minus the sand mixture as controls. 
The vials were left for 48 hours to equilibrate before adding the europium as 0.5cm3 of 
a 2 x 1O"5M solution ofEuCh plus l52Eu. The vials were then left to equilibrate for 28 
days before sampling. 5 cm3 were removed from each vial using a 0.45 !lm syringe 
filter. 3 x 1 cm3 a1iquots were then accurately removed from this solution and counted 
for l52Eu activity. The average of these counts is given below in table 2.45. 
The presence of humic acid has a large effect on the sorption of europium to pure sand 
plus goethite, with the Rd for europium sorption in the presence of humic acid being 
almost ten times the Rd value in the absence of humic acid. Comparing the results 
shown above with those in table 2.43 shows the effect of goethite on the sorption of 
europium both with and without the presence of humic acid. In the absence of humic 
acid the Rd value increases from 40.03 to 264.76 g cm"3 In the presence of humic acid 
the Rd value increases from 2.89 to 614.40 g cm"3. In both cases the Rd value is 
massively increased due to the presence of iron. 
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The predicted Rc for EuHu through pure sand plus goethite is 1203.9 cm3 g-\ while 
the experimental Rc was 55.12 cm3g-!. In this case the effect of flow rate significantly 
decreases the retention of EuHu on pure sand plus goethite. 
Table 2.45: Rd values for 1 x 10.0 M europium on pure sand + 0.46% goethite 
with and without humic acid. 
Vial Ao (- HA) A (- HA) Ao(+HA) A (+HA) 
(cpm cm-3) (cpm cm-3) (cpm cm-3) (cpm cm-3) 
I 72056 2874 68651 1149 
2 72936 3052 70132 1136 
3 74874 2668 69012 1092 
4 74096 2698 64736 1140 
5 76618 2610 65686 1052 
6 74276 2469 70022 1045 
7 75354 2814 68852 1156 
8 74980 2862 67842 1130 
9 r 75102 2552 69234 1042 
10 77407 2614 67392 973 
average 74769.9 2721.3 68155.9 1091.5 
± SD 1574.2 176.6 1779.2 61.0 
Rd (cm3 g-') 264.76 ± 18.14 614.40 ± 38.01 
2.6.3.d Measurement ofRd values for 1 x 10.0 M cadmium on pure sand + 0.46% 
goetbite with and without humic acid. 
10 x 20 cm3 vials were prepared, with Ig total weight of pure sand + 0.46% goethite, 
and 9.5 cm3 ofO.05M NaCI / O.OIM MES buffer at pH 6.5. 
10 x 20 cm3 vials were prepared as above except for the inclusion of 10 mg r' humic 
acid. 20 x 20 cm3 vials were prepared as above but minus the sand mixture as controls. 
They were left for 48 hours to equilibrate before adding the cadmium as 0.5cm3 of a 2 
x 10-sM solution of CdCh plus '09Cd. The vials were then left to equilibrate for 28 days 
before sampling. 5 cm3 were removed from each vial using a 0.45 Ilm syringe filter. 3 x 
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1 cm3 aliquots were then accurately removed from this solution and counted for I09Cd 
activity. The average of these counts is given below. 
Table 2.46: Rd values for 1 x 10'" M cadmium on pure sand plus 0.46% goethite 
with and without humic acid. 
Vial Ao (- HA) A(-HA) Ao(+HA) A (+HA) 
(cpm cm-3) (cpm cm-3) (cpm cm-3) (cpm cm-3) 
1 25235 9380 25178 5949 
2 25629 9947 25541 5796 
3 27199 8092 24905 5876 
4 27967 7750 25443 6033 
5 26045 6931 24767 6234 
6 27782 6731 25032 5633 
7 26156 6678 25479 5442 
8 24851 6269 25497 5621 
9 24951 6353 25797 5751 
10 24934 6293 24597 6560 
average 26074.9 7442.4 25223.6 5889.5 
± SD 1189.40 1324.15 388.60 326.35 
Rd (cm3 g-I) 25.04 ± 5.06 32.83 ±2.01 
The presence of humic acid has had less effect on the sorption of cadmium to pure 
sand plus goethite than on the sorption of europium to pure sand plus goethite. 
Comparing the results shown above with those in table 2.44 shows the effect of 
goethite on the sorption of cadmium both with and without the presence of humic acid. 
In the absence of humic acid the Rd value increases from 1.12 to 25.04 g cm-3. In the 
presence of humic acid the Rd value increases from 0.72 to 32.83 g cm-J As for 
europium the Rd value is massively increased in both cases due to the presence of iron. 
The predicted Rc for CdHu through pure sand plus goethite is 41.51 cm3 g-I, while the 
experimental Rc was 110.83 cm3g- l . From the humic acid equilibration of the pure sand 
plus goethite column it can be calculated that the column was coated with 
approximately 0.0005 g of humic acid per gram (see appendix 2). In the batch 
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experiments the coating is less than 0.0001 g of humic acid per gram. The additional 
retardation of cadmium humate on the column is due to the extra coating of humic acid 
than is included in the batch prediction. 
2.6.3.e Measurement ofRd values for 1 x 10-<; M cadmium on pure sand + 5% 
DIite with and without humic acid. 
10 x 20 cm3 vials were prepared, with Ig total weight of pure sand + 5% illite, and 9.5 
cm3 ofO.05M NaCl! O.OIM MES buffer at pH 6.5. 
10 x 20 cm3 vials were prepared as above except for the inclusion of 10 mg rl humic 
acid. 20 x 20 cm3 vials were prepared as above but minus the sand mixture as controls. 
They were left for 48 hours to equilibrate before adding the cadmium as 0.5cm3 ofa 2 
x 1 O-~ solution of CdCh plus I09Cd. The vials were then left to equilibrate for 28 days 
before sampling. 5 cm3 was removed from each vial using a 0.45 I-lm syringe filter. 3 x 
I cm3 aliquots were then accurately removed from this solution and counted for I09Cd 
activity. The average of these counts is given below. 
Table 2.47: Rd values for 1 x 10-<; M cadmium on pure sand plus 5% iIIite with 
and without humic acid. 
Vial Ao (- HA) A (- HA) Ao(+HA) A (+HA) 
(cpm cm-3) (cpm cm-3) (cpm cm-3) (cpm cm·3) 
1 10733 6083 10433 4855 
2 10283 5952 10421 4776 
3 10864 6014 10313 4615 
4 10539 6273 10491 4499 
5 10477 6038 10683 4527 
average 10579.2 6072.0 10468.2 4654.4 
± SD 226.14 121.90 136.21 155.69 
Rd (cm3 g-l) 7.42 ±0.45 12.49 ± 0.61 
Concerns were raised earlier in this thesis that comparing the sorption of metal humic 
complexes on to acidwashed sands and non-acidwashed sands to determine the 
influence of iron may be flawed due to the possible removal of clays. The experiments 
173 
above show that the presence of 5% iIlite has less of an effect on the sorption of 
cadmium on to pure sand with and without humic acid than the presence of 0.46% 
goethite, and that the small percentage of clay present in the materials considered is 
unlikely to have a large sorptive effect. 
2.6.3.f Adsorption of EuHu I I-Hu on pure sand with time 
In order to show the dependence of Rd value on the equilibration time for both 
radiolabeUed humic acid and europium humate Ig of pure sand was placed into 20 x 20 
cm3 polypropylene vials. A further 20 vials were used without sand as controls. 10 cm3 
125I_Hu were added to all the vials which were then shaken and allowed to stand for 
predetermined lengths of time. 5 cm3 were then removed from each vial using a 0.45 
!lIII syringe filter. 3 x I cm3 aliquots were accurately removed from this solution and 
counted for iodine-125 activity. The average of these counts is given below in table 
2.48. The 12lI_Hu stock solution added had an initial activity of5361.67 cpm cm"3, and 
a UV absorbance at 254nm of 1.392, giving a humic concentration of 48.5 mg rl 
Table 2.48: Sorption of 125I_Hu on to 19 pure sand with time. 
Time Average A ± SD Average Ao ± SD Rd 
(h) (cpm cm"3) (cpm cm"3) (cm3 g"1) 
0.5 4689.63 ± 134.5 4837.13 ± 75.1 0.31 ± 0.33 
1.0 4551.60 ± 204.0 4851.93 ± 100.8 0.66±0.50 
2.0 4797.70 ± 139.3 4850.20 ± 75.8 0.11 ± 0.33 
24.0 4455.08 ± 78.2 4538.42 ± 51.6 0.19 ± 0.21 
48.0 4407.83 ± 67.0 4463.33 ± 75.8 0.12 ± 0.23 
72.0 4265.60 ± 106.8 4448.10 ± 80.5 0.43 ± 0.31 
There is very little sorption ofI-Hu on to Ig of pure sand, as expected due to the lack 
of strongly sorbing impurities such as iron and clay, this has resulted in large errors in 
the Rd value. 
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Using 5g of sand per vial would offer a larger surface area for sorption. Therefore the 
experiments were repeated with 5g of pure sand in each vial, and a higher activity of 
125I_Hu was used, (14028.4 cpm cm·3 in the first 4 time periods, and 18039.37 cpm 
cm-3 in the final time period). 
Table 2.49: Sorption of l~_ Hu on to 5g of pure sand with time. 
Time 
(h) 
I 
18 
42 
114 
286 
2.5 
2.0 
Rd 1.5 
(cm3 g-ll.o 
0.5 
0.0 
0 
Average A ± SD Average Ao ± SD Rd 
(cpm cm-3) (cpm cm-3) (cm3 gO') 
12996.17 ± 274.9 13634.67 ± 219.5 0.49 ± 0.27 
12348.17±316.4 12929.00 ± 101.8 0.47 ± 0.27 
11339.70 ± 466.1 12334.87 ± 163.1 0.88 ± 0.44 
10496.27 ± 96.4 11 733.27 ± 151.6 1.l8±0.17 
11354.63 ± 87.8 14126.63 ± 313.2 2.44 ± 0.29 
Figure 2.124: 1-Hu sorption on pure sand with time 
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Figure 2.124 shows that sorption of iodinated humic material on to pure sand follows a 
linear relationship, where the Rd value per gram of sand is equal to 0.0069 • time in 
hours plus 0.4564. 
Adding values on to the A value to allow for the sorption ofI-Hu on the vial walls 
(initial activity - Ao), it can be seen (figure 2.125) that the uptake of 12SI-Hu by the 
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pure sand foUows a first order rate of reaction, with a rate constant k of 0.0004 S-l 
Figure 2.125: Rate determination for I-Hu sorption on to 5g 
pure sand 
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In order to determine the influence of time on the sorption of EuHu on to pure sand 
the above experiment was repeated except that after the vials were left overnight 
containing 9.5 cm3 0.3 M NaCI plus 40 mg rl humic acid. 0.5 cm3 of europium-I 52 
stock solution were then added, (100 kBq in 10 cm3 electrolyte), and sufficient inactive 
EuCh to produce the required europium concentration,S. 0 x 10-8 M. The vials were 
sampled as detailed above. Three 1 cm3 aliquots were counted for europium. The 
average of these counts after background has been subtracted are given below. 
Table 2.50: Sorption of EuHu on to 5g of pure sand with time. 
time (h) Average A ± SD Average Ao ± SD Rd 
(cpm cm-3) (cpm cm-3) (cm3 g-I) 
1 18189.24 ± 442.6 20469.10 ± 134.8 1.25 ± 0.26 
22 16708.49 ± 720.0 20287.48 ± 100.3 2.14± 0.44 
45 15376.13 ± 180.2 20061.47 ± 214.3 3.05 ± 0.18 
116 13589.00 ± 285.4 19840.50 ± 101.0 4.60±0.24 
300 10580.67 ± 95.6 18673.67 ± 73.4 7.65 ± 0.13 
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Figure 2.126: Europium sorption on 5g pure sand with time 
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As above, using the Ao values to calculate the concentration ofEu-Hu on the vial 
walls it can be seen (figure 2.127) that uptake ofEu-Hu by the pure sand does not 
follow a first order rate of reaction. 
Figure 2.127: Rate determination for EuHu sorption on 5g 
pure sand 
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For both species it is clear that equilibration time has a direct effect on their sorption to 
pure sand. It is therefore expected that decreased residence time within column 
experiments will increase the recovery of europium humate and iodinated humic acid, 
i.e. increasing column flow rates will result in increased recovery. 
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2.6.3.g Effect of time and tbe presence of Hu on tbe sorption of europium and 
cadmium on pure sand + 0.46% goetbite. 
In order to detennine the effect of equilibration time on the sorption of europium and 
cadmium on to pure sand + 0.46% goethite with and without humic acid, Ig of pure 
sand to which 0.46% goethite had been added was placed in 40 vials. A further 40 vials 
were retained without sand as controls. 9.9 cm3 of 0.05 M NaCl plus 10.11 mg rl 
humic acid at pH 6.5 were added to half of the vials (both with and without the sand 
mixture), and 9.9 cm3 of 0.05 M NaCI at pH 6.5 were added to the remaining vials. 
The vials were then left to stand for 24 hours before checking and adjusting the pH 
where necessary. Metal stock solutions were prepared by dissolving 1.124 cm3 0fa 
1000 mg rl CdCh solution in to 100 cm3 0.05 M NaCl at pH 6.5 and 4.lmg of 
EuCb.6H20 in to 100 cm3 0.05 M NaCl at pH 6.5. 370 kBq of I09Cd were added to 5 
cm3 of the cadmium stock solution and 345 kBq of 152Eu were added to 5 cm3 0fthe 
inactive europium stock solution. The prepared vials were then separated into two 
groups, and 0.1 cm3 of the active cadmium or europium stock solution were added to 
each vial. Final metal concentrations in each vial were 1.001 x 10-6M for the cadmium 
vials and I. II x 10-6 M for the europium vials. The vials were shaken and then allowed 
to stand for varying lengths of time before sampling. 5 cm3 were removed from each 
vial using a 0.45 !-lm syringe filter. 3 x I cm3 aliquots were then accurately removed 
from this solution and counted for I09Cd or 152Eu activity. The average of these counts 
is given below in tables 2.51 and 2.52. 
Table 2.51: Sorption of cadmium with and without humic acid on to pure sand + 
0.46% goethite with time. 
Time (h) Cd+HA Cd-HA 
Ao±SD A±SD Rd±SD Ao±SD A±SD Rd±SD 
24 12836.85 8871.25 4.47 12562.05 11111.85 1.30 
±219.7 ± 822.2 ± 1.04 ±364.6 ± 761.8 ±0.76 
48 13239.75 7368.25 7.97 13184.75 11967.30 1.02 
± 132.4 ± 662.0 ± 1.16 ±28.8 ±499.9 ±0.42 
168 12885.80 6682.15 9.28 13036.45 11429.40 1.41 
± 161.9 ± 431.6 ± 0.91 ±47.8 ± 777.0 ±0.69 
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12378.50 5092.85 14.30 12616.65 9734.50 
± 271.8 ± 110.5 ±0.65 ± 79.7 ± 1057.6 
11920.95 4888.15 14.39 12137.95 7137.40 
± 139.8 ± 80.1 ±0.40 ± 415.3 ± 173.8 
Figure 2.128: Sorption of Cadmium on pure sand + 0.46% 
goethite with and without HA 
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Figure 2.129: Determination of reaction rate for cadmium 
sorption on sand + goethite with and without Ha (I) 
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Figure 2.128 shows that the sorption of cadmium on to pure sand plus goethite with 
and without humic acid is strongly influenced by equilibration time. It is therefore 
expected that decreased residence time (due to increased flow rate) within column 
experiments will increase the recovery of cadmium. 
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Figure 2.129 shows that cadmium in the absence of humic acid follows a first order 
rate of sorption on to pure sand plus 0.46% goethite, with a rate constant k of9 x 10-5 
S-l However cadmium in the presence of humic acid does not follow a first order rate 
of sorption on to pure sand plus 0.46% goethite. The kinetic data were replotted to 
determine whether the sorption followed a second order rate. The results are shown in 
figure 2.130. 
Figure 2.130: Detennination of reaction rate for cadmium 
sorption on to sand + goethite with Ha (Il) 
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The above results show that the sorption of cadmium in the presence of humic acid 
onto pure sand plus 0.45% goethite does not follow a simple first or second rate of 
reaction. 
Table 2.52: Sorption of europium with and without humic acid on to pure sand + 
0.46% goethite with time. 
Time (h) Eu+HA Eu-HA 
Ao±SD A±SD Rd±SD Ao±SD A±SD Rd±SD 
24 6989.15 276.3 242.96 7447.7 947.25 68.62 
±69.2 ±8.9 ± 8.22 ± 169.6 ±23.6 ± 2.49 
48 6809.45 177.95 372.66 7496.25 508.60 137.39 
± 58.9 ± 5.4 ± 11.79 ±4.0 ± 17.7 ±4.79 
168 6556.70 105.20 613.26 7578.45 329.60 219.93 
± 80.3 ±9.9 ± 58.22 ± 32.3 ± 107.0 ± 71.48 
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792 6567.20 89.70 722.\3 7263.35 182.00 
± 9.5 ±0.7 ± 5.73 ± 216.2 ± 6.4 
1464 6665.65 44.15 1499.77 7201.3 148.85 
±40.1 ± 14.4 ±489.26 ±33.2 ± 11.8 
Figure 2.131: Europium sorption on to pure sand + 0.46% 
goethite with and without humic acid 
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Figure 2.131 shows that the sorption of europium on to pure sand plus goethite with 
and without humic acid is strongly influenced by equilibration time. It is therefore 
expected that decreased residence time (due to increased flow rate) within column 
experiments will increase the recovery of europium. 
The data were then plotted to determine if the sorption of europium onto pure sand 
plus 0.45% goethite in the presence and absence of humic acid followed either a first 
or second order rate of reaction. The results are shown in figures 2.132 and 2.133 
respectively. 
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Figure 2.132: Determination of reaction rate for europium 
sorption on to sand + goethite with and without Ra I 
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Figure 2.133: Determination of reaction rate for europium 
sorption on to sand + goethite with and without Ra 11 
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Figures 2.132 and 2.133 show that both in the presence and in the absence of humic 
acid, the sorption of europium on to pure sand plus 0.46% goethite is a complex 
reaction following neither a first order or a second order rate of reaction. 
2.6.1 Adsorption of EuRu I I-Ru and Eu03 on crushed Clashach sandstone 
In order to determine the relative sorption ofEuHu, I-Hu, and EuCh on Clashach 
sandstone, a 20 cm Clashach column was crushed and sieved to produce 3 size 
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fractions of sand: 2 mm-I mm, I mm-2121lm, and less than 212 j.lIll. 
A preliminary experiment was set up to determine the concentration of europium 
necessary to obtain sufficient counts in solution after sorption. I g of each C1ashach size 
fraction was weighed in to twelve acid washed vials. 9.9 cm3 of either 0.3M NaCl, pH 
6.537 or 39.3 mg rl humic acid in 0.3M NaCI pH 6.571 were added and left overnight 
to equilibrate. 460 kBq of europium-I 52 were added to each of two vials, the first 
containing 10 cm3 NaHu and the second containing 10 cm3 NaCI. These were also left 
overnight to equilibrate. The following day 2 x I cm3 a1iquots were removed from each 
stock solution and counted to ensure sufficient activity was present. Aliquots of the 
stock solutions were then added to the prepared sand vials to give the required 
europium concentration, each vial finally being made up to a total volume of I Dcm3• 
The vials were left for 28 days before sampling. 
5 cm3 were removed from each vial using a 0.45 !lm syringe filter. 3 x I cm3 aliquots 
were then accurately removed from this and counted. Initial stock solution activities 
were 503504.5 cpmcm-3 for EuCh and 544827.0 cpmcm-3 for EuHu. Initial metal 
concentration was 7 x 1O-7M. 
Table 2.53 gives the percentage of initial activity remaining in solution. 
Table 2.53: Determination of required europium concentration for Ctashach 
sorption study. . 
size 2mm - Imm tmm - 212!lm <2121lm 
% EuCh %EuHu % EuCh %EuHu % EuCh %EuHu 
activity activity activity activity activity activity 
[Eu] (cpmcm-3) (cpmcrn-3) (cpmcm-3) (cpmcm-3) (cpmcm-3) (cpmcm-3) 
7 x IO-"M 1.20 50.49 3.72 45.17 3.20 31.00 
2.06 45.27 3.09 48.76 2.81 29.50 
1 x IO-8M 3.39 48.00 3.63 42.41 2.83 27.04 
3.17 46.01 4.51 44.44 2.52 26.75 
3 x 1O-8M 1.26 45.24 1.95 46.51 3.08 27.29 
1.39 43.41 2.11 46.97 3.00 27.97 
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In both cases there was little significant difference between the concentrations tested. 
All three concentrations produced very low counts in solution. Therefore I decided to 
carry out the Clashach batch experiments using 5 x 10-8M europium. 
The above experiment was repeated using 5 x 10-8 M EuCh, 5 x 10-8 M EuHu, and 40 
mgr! 125I-Hu. The vial were left for 35 days prior to sampling and counting for the 
required activity. The counts and resultant Rd values are shown in tables 2.54, 2.55, 
and 2.56. Variation in Rd values are shown in figures 2.134, 2.135 and 2.136. 
Table 2_54: Rd values for EuCh on crushed Clashacb sandstone. 
Vial Ao for all sizes 2mm-ImmA Imm-2121-lm A <212j.U1l A 
(cpm cm-3) (cpm cm-3) (cpm cm-3) (cpm cm·3) 
I 2443.7 188.3 75.7 116.3 
2 2362.5 185.7 125.3 160.7 
3 2638.7 185.3 92.7 92.3 
4 2417.7 114.7 85.7 148.0 
5 2271.7 93.7 112.3 54.3 
6 2545.8 195.7 116.0 91.0 
7 2398.0 111.0 132.3 72.0 
8 2112.3 \79.7 135.3 74.5 
9 2104.0 69.0 138.7 126.0 
10 1974.8 100.7 92.6 109.3 
Av. 2326.92 142.38 110.14 104.44 
± 209.80 ±48.65 ±2354 ± 34.\3 
Rd 175.18 ± 84.03 211.64 ± 66.62 224.91 ± 73.83 
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Figure 2.134: Sorption ofEuClJ on crushed Clashach 
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Table 2.55: Rd values for EuHu on crushed Clashach sandstone. 
vial Ao for all sizes 2mm-lmmA Imm-212jlm A <212jlmA 
(cpm cm-J ) (cpm cm-3) (cpm cm-3) (cpm cm-3) 
1 3628.5 1737.7 1631.2 968.3 
2 3627.5 1758.2 1640.0 1016.2 
3 3584.5 1678.3 1595.7 949.8 
4 3163.0 1698.8 1692.7 955.3 
5 3229.3 1754.2 1680.0 969.3 
6 3689.3 1756.2 1658.3 958.5 
7 3568.5 1745.2 1694.5 952.8 
8 3667.7 1727.2 1693.2 961.2 
9 3560.3 1731.5 1845.0 938.2 
10 3302.7 1735.3 1695.0 988.7 
Av. 3502.13 1732.26 1682.56 965.83 
± 193.77 ± 25.80 ± 66.24 ± 22.25 
Rd 10.22 ± 1.24 10.84 ± 1.28 26.28 ± 2.25 
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Figure 2.135: Sorption of EuHu on crushed Oasbach 
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Table 2.56: Rd values for I-Hu on crusbed Clasbacb sandstone. 
Ao for all sizes 2mm-ImmA I mm-21 21lffi A <2 I 21lffi A 
(cpm cm-3) (cpm cm-3) (cpm cm-3) (cpm cm-3) 
I 7885.3 6110.7 5540.3 4462.6 
2 8289.6 6011.7 5911.6 4402.3 
3 7926.3 5964.4 5626.3 4381.8 
4 7805.0 6102.7 5625.3 4367.3 
5 8196.3 5724.7 5429.3 4440.6 
6 8193.9 6138.1 5574.3 4445.9 
7 7587.3 6203.3 5769.9 4378.6 
8 8094.0 6270.7 5564.4 4428.6 
9 7419.6 5971. 7 5635.3 4378.0 
10 8156.3 5838.1 5694.6 4393.6 
Av. 7955.36 6033.61 5637.13 4407.93 
±286.19 ± 166.46 ± 132.64 ± 33.75 
Rd 3.23 ± 0.55 4.12 ± 0.55 8.1O± 0.70 
186 
Figure 2.136: Sorption ofI-Ho on crushed Clashach 
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The surface area of each size fraction of the crushed sieved Clashach was analysed by 
the Department of Chemical Engineering at Loughborough University by BET. 
The BET isotherm deals with multilayer adsorption and was developed by Brunauer, 
Emrnett, and TeUer. Nitrogen is allowed to adsorb onto the mineral surface in a 
pressure vessel, and the changing volume adsorbed with increasing pressure is 
measured. 
The BET isotherm states that 
z 1 (c-l)z 
--+ 
cV mon cVmon V(I- z) 
where V is the volume of nitrogen adsorbed, V man is the volume of the monolayer, z is 
the ratio of the equilibrium pressure to the vapour pressure of the bulk adsorbate. 
Plotting z I V(I-z) against z produces a straight line plot, the intercept of which is 
l!cVmon, and the slope is (c-I)/cVmon. Solving these equations gives the volume of the 
monolayer. One mole of nitrogen molecules occupies a volume of22500cm3 Hence 
the number of nitrogen molecules in the monolayer can be calculated. Each molecule 
occupies an area of 0.16 nm2, hence the surface area can be determined. 
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Table 2.57: Surface area of Clashach size fractions 
Size fraction Surtace area (m2g-1) error (m2g-1) 
2mm-lmm 0.5215 0.0048 
1 mm - 212j.1.Il1 0.7241 0.0059 
< 212!lm 0.8497 0.0072 
The adsorption ofEuCh, EuHu and I-Hu onto each size fraction is shown in figures 
2.137 and 2.138. The results show that the sorption of EuCh to crushed Clashach 
sandstone (figure 2.137) appears to be directly proportional to the resultant surface 
area of the crushed particles, however due to the size of the errors and extremely large 
Rd values this may be misleading. 
Rd 
Figure 2.137: Sorption of EuCI3 on crushed Clashach with 
surface area. 
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Figure 2.138: Sorption of EuHu and I-Hu on crushed 
Ciashach with surface area. 
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Considering the sorption ofEuHu and I-Hu on to the crushed Clashach (figure 2.138) 
it appears that the result for the particles with a surface area of 0.8497 m2g-1 is higher 
than would be expected, assuming that sorption is proportional to surface area. The 
typical grain size for the intact Clashach columns is of the order 0.5 - 3.0 mm. 
Crushing the particle to a size smaller than this i.e. less than 2121lm is likely to reveal 
new un-oxidised surfaces where higher levels of sorption are likely to result. 
Taking this into consideration it is likely that the sorption ofEuHu and I-Hu on to 
crushed Clashach is proportional to the surface area of the resultant particles. 
189 
3.0 ModeUing 
The column experiments were carried out by first equilibrating the columns with the 
background electrolyte and humic acid solutions. Therefore the major retardation 
mechanisms occurring are: 
- the exchange of metal humic complexes for humics within surface sites along the 
column; 
- the dispersal of metal humic complexes in to dead end pores where the water is 
stationary (matrix diffusion). 
The first of these processes can be modelled using first order kinetics to describe both 
sorption and desorption. Matrix diffusion is included in the model on the basis of the 
direct evidence of the experimental breakthrough curves which display significant 
tailing with a decay rate of t'12 (as t ~ (0) which is the major characteristic of this 
process. Hence the following dual porosity mathematical model NOAH was designed 
by Richard Thomas and Peter Grindrod at Intera Information Technologies, 
Environmental Division (now Quanti Sci) in 1993. 
aCt = 
ql = 
RC = 
c(x, t) = 
Dc.. - vc. - (pc - aq) + vCzjz=O , 
pc - aq, 
eex' 0, t), 
x> 0, t > 0, 
x> 0, t > 0, 
x > 0, z> 0, t > 0, 
x> 0, t > 0, 
The model predicts the activity of the migrating species c, and the sorbed species q, 
where a is the porosity of the column, D the axial diffusivity, and v the Darcy velocity 
of fluid in the direction of migration, (the x direction). The z co-ordinate represents 
penetration into the surrounding matrix where there is activity which has diffused into 
dead end pores within the rock matrix, given by eex, z, t). R is the matrix retardation 
and D' is the effective matrix diffusivity. 
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The equations are solved by taking Laplace transfonns in time, to give values for c and 
q at specified values ofx and t. The values ofthe parameters IX, ~, 11, and D can then 
be varied to fit any experimental results. ( 1] = v~ ~, ). 
To determine whether it would be possible to use NOAH in a more predictive sense 
rather than as a simple curve fitting model we considered initially the series of 
experiments carried out on the same 10.16cm Clashach column to determine the effect 
of flow rate on EuHu mobility and recovery. 
Values describing the activity of the input pulse, the Darcy velocity, and the column 
porosity were entered into the NOAH model for the first flooding experiment. The 
three variables within the program were then altered to produce an effluent curve 
approximating to that of the experimental results. The three variables were then fixed, 
and the program was used predictively to try and describe the experimental results 
expected from the further experiments. 
The positions at which NOAH calculates activities needed to be altered to give the 
effluent activities at the end of the column i.e. at 10.16 cm, and the column activities 
as these were measured halfway along the column i.e. at 5.08 cm. 
The results are shown below: 
Table 3.1: Parameter values for EuHu through 10.16 cm Clashach column at 
5 cm3 h-t 
T (h) 104.00 v (cm hot) 1.765 
Co (cpm cm-3) 8.165ge3 a. (h-t) 0.00192 
9 0.1718 ~ (h"t) 0.66 
D (cm2 hot) 18.00 11 (h-t) 1.20 
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Figure 3.1: Comparison of model and experimental effluent 
concentration profIles for EuBu through 10cm Clashaeh at 
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Figure 3.2: Comparison of model and experimental EuBu 
activity build up halfway along 10cm c1ashach at 5cm3h-1 
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Figure 3.3: Comparison of predictively modeled and 
experimental effluent concentration prof"des for EuHu 
flooding through 10cm C1ashach at 10cm3h-1 
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Figure 3.4: Comparison of predictively modeled and 
experimental data for EuHu activity build up halfway along 
lOcm Clashach column at lOcm3h-1 
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Figure 3.5: Comparison of predictively modeled and 
experimental emuent concentration profIles for EuDu 
through lOcm Clashach at 15cm3h-1 
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Figure 3.6: Comparison of predictively modeled and 
experimental EuDu activity build up halfway along lOcm 
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Initially considering the activity levels predicted by NOAH for EuHu build up on the 
Clashach column, the values predicted are of the correct order of magnitude for both 
the 10 cm3 h- t flooding and the 15 cm3 h- t flooding. However it can be seen that as the 
flow rate increases the model under-predicts the rate at which activity is removed 
during the downflooding portion of the profile. Indeed even for the 5 cm3 h- t flooding 
experiment which was not predictively modelled, NOAH underestimates the rate of 
removal of EuHu activity from the column. This is due to the model being based on the 
local equilibrium assumption. The model thus assumes that the reactions occurring 
within the column are instantaneous. However, the batch sorption experiments have 
shown that the sorption ofEuHu onto sand is not instantaneous. The increase in flow 
rate will therefore lead to more EuHu being removed from the column than predicted, 
due to the decreasing amount of time available for sorption 
The effluent activity profiles on the other hand are all well approximated by the model. 
Again however, due to the under-estimation of the rate of removal ofEuHu from the 
column, NOAH under-predicts the level of tailing present in all three profiles. 
The above results show that for situations where the mobility of the species of interest 
is kinetically controlled it would be difficult to use NOAH in a predictive manner. 
It has not been possible within this experimental work to use NOAH in a purely 
predictive manner for experiments on different columns as the parameters a, ~, and T], 
have needed adjustment to successfully model the experimental results due to the -
differences between the columns. 
For example the modelling of the effect of different column lengths on the migration of 
europium humate. Initially the migration through the 30 cm column was modelled and 
the parameters used to try to predict the migration through the two shorter columns. 
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Figure 3.7: Comparison of modeled and experimental EuHu 
migration through 30cm column at lOcm3 h-1 
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Figure 3.8: Comparison of predictive and experimental EuHu 
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However the model has been successfully used to model the migration of metals and 
metal humic complexes through columns of porous media. Some examples are given 
below. 
Figure 3.10: Comparison of model and experimental results 
for Cd-I09 through pure sand at IOcm3h-J 
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4.0 Conclusions 
Column migration experiments and batch sorption studies were undertaken to 
investigate those factors which may affect the transport of metal-humic complexes 
through columns of porous geological media. The transport studies concentrated on 
the mobility of radioactive europium CS2Eu) complexed to humic material through 
Clashach sandstone, although other metals and porous media were studied. 
A computer operated dual detector instrument was designed, built and tested to 
facilitate these studies. Two methods for radiolabelling humic materials were used to 
enable their detection at low concentrations similar to those found in the environment. 
The two methods commonly used in the literature to introduce metal complexes on to 
packed columns were compared for both conservative and sorbing tracers. 
The effect of humic materials, the presence of iron in the physical make-up of the 
column, the effluent flow rate and the length of column used on the mobility and 
recovery of europium humate were studied and predictively modelled using a simple 
model (NOAH) where possible. Batch equilibrium experiments were also conducted to 
determine the extent of sorption of metal-humic complexes on both natural sands and 
on crushed Clashach sandstone samples of differing particle size. 
4.1 Column Instrumentation 
The computer operated dual detector instrument was built and found to perfonn 
successfully. The detectors were shown to be suitably collimated such that only activity 
from the column segment of interest was detected. The detectors were able to 
successfully discriminate between the two isotopes used for the migration studies, i. e. 
europium-lS2 and iodine-l2S. The attenuation of activity due to the presence ofan 
epoxy resin coating on the outside of the Clashach columns was shown to be negligible 
compared to the attenuation due to the Clashach material itself Clashach sandstone 
has a density similar to that of aluminium, indicating that only the activity present in 
approximately the outside centimetre of the column would be detectable. However it is 
known that Penno- Triassic Clashach sandstone is a homogeneous material, used as a 
reference material within the oil industry (92), and it was therefore assumed that the 
outside centimetres ofthe column would be representative of the whole. 
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4.2 RadiolabeUing and metal complexation of humic materials 
Two methods of radiolabelling the humic material were developed. The first involved 
labelling phenolic groups within the humic material with iodine-125, using Chloramine-
T. It was found that the addition of sodium metabisulfite was necessary to quench the 
reaction before the resultant labelled material could be separated from any remaining 
unreacted Chloramine-T and sodium metabisulfite. The elution behaviour ofthe 
labelled material was shown to be unchanged by the labelling procedure. The effect of 
changing the ionic strength of the electrolyte was found to have no effect on the 
labelling of the humic material, but the increase in ionic strength meant that the dialysis 
proceeded more slowly. 
The labelled material was then passed through a Clashach column and the samples 
eluting from it were checked to ensure that the label was not dissociating. A small but 
relatively steady 8.9% (± 3.9%) free iodide was found in the eluent. This could then be 
accounted for in the column migration experiments. 
The second labelling was carried out using carbon-14 to label carboxylic acid groups 
within the humic structure. The incomplete incorporation of methylamine and 
carbodiimide were shown to lead to the breakdown of the humic structure over time. 
Dialysis and nitrogen bubbling were investigated as procedures for removal of the 
unincorporated reactants at two pH's. Nitrogen bubbling was found to be unsuccessful 
at removing the free methylamine from the labelled humic sample at both of the pH 
values considered. The dialysis technique however lead to complete removal of the free 
methylamine at both pH's. 
The prepared carbon-14 labelled humic material was shown to be stable over a period 
of 4 months with no dissociation of the label seen. 
Ultrafiltration showed that the label was distributed evenly across the range of humic 
molecule sizes. An increased labelling of those fractions less than 30,000 molecular 
weight was observed. This is believed to be due to a redistribution of size fractions. 
Complete complexation of europium by the humic material was ensured using a 
column ion exchange method. 97.8% of humic material applied to the column was 
eluted, and 98.1 % of any free Eu3+ applied to the column was retained, showing that 
the column method could accurately determine the percentage of europium bound to 
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the humic material prior to each experiment. In all cases the europium was found to be 
between 99% and 100% bound. 
4.3 Comparison of injection and flooding techniques for assessing migration 
The two methods were compared for both conservative tracers (tritiated water) and 
sorbing tracers (EuHu) through packed columns. Both methods gave identical results 
for the behaviour of conservative tracers, and in many of the experiments later an 
injection of tritiated water was used for porosity determination due to the relative 
speed of the technique. However for EuHu through two types of packed sand column 
it proved impossible to compare the results obtained from the two techniques. For the 
injection experiments EuHu was found to have a delayed breakthrough compared to 
the conservative tracer which was not observed in the flooding experiments. Using 
peak volume measurements to determine retention factors for injected EuHu proved 
invalid as the activity peaks were non-Gaussian, due to significant tailing. However 
insufficient levels of activity were detected to be able to determine the volume at which 
C/Co equals 0.5, (equivalent volume to peak volume for conservative tracers). The 
results suggested that for the experiments within this thesis, column flooding 
experiments should be used despite the length of time required for each experiment. 
The results also highlighted the difficulties of trying to obtain reproducible results 
between different column. Porosity values differed greatly between the columns, and it 
was possible that, as they had been slurry packed in order of usage, there may have 
been an increase in average particle size, and therefore a complementary decrease in 
available surface area, from the first to the last column. 
4.4 Preliminary Clashach column experiments 
Clashach column material was found to preferentially take up humic material which 
absorbs at 450nm , consistent with humics being heterogeneous and therefore 
containing molecules with several sizes and properties. A decrease in column porosity 
was observed after equilibration with humic material from 18.16% to 16.07%. The 
decrease in porosity is probably due to pore clogging and coating of surfaces. 
Iodide was shown not to behave as conservative tracer compared to tritium, and only 
90% of the initial iodide activity was ultimately recovered. The loss of iodide activity 
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was most probably due to the iodide reacting with sorbed humic material on the 
colulTh,. 
The flooding of I-Hu through the column indicated that the humic material in solution 
was constantly exchanging with that sorbed to the column material. The observed 
tailing is consistent with this premise. Dispersion of the three species tritiated water, 
iodide and iodinated humic material was found to vary with the size of species. 
EuHu was strongly retained by the column, with only 35% of the initial activity being 
eluted from the column. The rate of removal ofEuHu and I-Hu from solution was 
shown to be similar suggesting that humic sorption to the column is an important 
process in removing metal from solution. However the rates of removal from the 
column are different for the two species during downf1ooding suggesting that once 
sorbed, the europium is a key factor in retaining the complex within the column. 
The column adsorption profiles showed that iodine-12S as iodide was evenly 
distributed through each column segment during the up and downf1ooding. 
A similar profile obtained for radioiodinated humic material, however the 20th segment 
showed increased activity, this may have been due to a higher level of iron having been 
present in this segment, which would result in increased sorption of the I-Hu complex. 
EuHu was shown to sorb strongly at the beginning of the column during upflooding. 
The desorption and reattachment ofEuHu on downf1ooding the column was clearly 
seen. 
A simple, single Rd, model did not describe the sorption ofEuHu onto a 30cm 
Clashach column at 30 cm3h-1 This was most probably because of kinetic effects with 
local equilibrium not being attained within the column due to the relatively high flow 
rates used during the column experiments. 
4.5 Determination of chemical influences on metal migration 
4.5.a Effect of humic acid 
The role of humic acid in the migration of metal complexes through porous media was 
shown to be complex. Europium migration showed a marked increase in the presence 
of humic materials, while zinc and cadmium were retarded in the presence of humic 
materials. Speciation mode\ling was carried out using the speciation code 
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PHREEQEV. The changes in migration behaviour were shown to be due to the 
changes in metal speciation. 
To further reveal the influence of humic acid on the mobility of europium, a series of 
europium injections were carried out as the column was in the process of being 
equilibrated with humic material. The results gave a direct correlation between the 
amount of humic material on the column and the recovery of europium from each 
injection. Tritiated water injections were carried out simultaneously to determine the 
changes in porosity due to the uptake of humic acid on to the column surface. 
Calibration of the beta counter for europium enabled both radioisotopes to be detected 
in each outlet sample. 
4.5.b Effect of iron 
A Clashach column and a packed column ofCumbrian sand were acid washed to 
remove iron present in the geological matrix. A colourimetric method was developed 
to determine the quantity of iron in each sample of eluant. The total quantity of iron 
removed from the Clashach column was 3.03g (0.27% by mass), and from the 
Cumbrian sand column was 99.65mg (0.085% by mass). 
EuHu was flooded through the two columns, and the results were compared to 
flooding experiments carried out on untreated columns at the same flow rate. 
The results suggested that the acid washed columns are initially able to retain a similar 
quantity of europium, but that as the upflooding progresses and more europium is 
sorbed to the column material, their capacity to retain europium becomes more rapidly 
reduced, leading to a rate of recovery for europium which is greater from the acid 
washed columns than from the untreated columns. This was shown very clearly by the 
results obtained from the column monitoring system for the Clashach columns. It was 
seen that not only was less activity sorbed to each segment of the acidwashed column, 
but that during downflooding the column with inactive humic material europium 
activity was rapidly removed from the column. 
Column experiments were also carried out on packed columns of pure sand, and pure 
sand to which 0.46% iron (as goethite) had been added. Europium, cadmium and zinc 
humic complexes were passed through the two column types. In each case the 
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presence of iron in the geological matrix had a marked effect on the retention of all 
three metals. A minimum of a lOx increase in retention factor was observed in the 
presence of iron, combined with a significant decrease in recovery. 
4.S.c Effect of competitive metals 
In order to determine the effect of competitive metals on EuHu migration through 
packed columns of Cumbrian sand, a 'synthetic' groundwater was prepared matching 
the major ion analysis and high pH of groundwater collected from the same site as the 
sand. Migration experiments carried out in the presence and absence of the 'synthetic' 
groundwater showed that the migration of europium through Cumbrian sand is 
enhanced by the conditions of high pH and the presence of competing metals in the 
ground water. This indicates that in situations where direct competition for sites within 
the geological matrix occurs, metal migration may occur more rapidly than expected. 
4.S.d Effect of re-flooding the column outlet. 
The rapidly eluted first 100 cm3 of eluant, from a EuHu flooding experiment through a 
10cm Clashach column, was re-flooded through the column a second time in order to 
determine whether a mobile fraction of humic material that eluted unretained existed. 
The results showed that the reflooded material behaved in a similar manner to the first 
flooding. There was a slight enhancement of the recoveries of both the I-Hu and EuHu 
relative to the input activity, probably due to the most reactive sites within the column 
already having been taken up during the first flooding experiment. The experiment 
indicated that there was not a mobile fraction of the humic material which is always 
eluted unretained, or that if this fraction does exist, the rate at which it redistributes to 
recreate the original mixture of species is too quick to have been observed in this 
experiment. 
4.6 Comparison of column conditions. 
4.6.a Effect of column length. 
EuHu and I-Hu migration experiments were carried out at 10 cm3h-1 on different length 
Clashach sandstone cores. The results showed very little difference in either I-Hu or 
EuHu recovery between the columns. This was surprising considering there are three 
times as many sites available for complexation in the longest column than in the 
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shortest column. The sorption profile for EuHu shows that the majority of metal 
retention takes place within the first sections of the column and this is ilTespective of 
column length. The single Rd model was able to predict the elution profile of the 30cm 
Clashach column at this flow rate, (earlier work at a faster flow rate were not 
described by this model). An attempt was made to predict the sorption profiles for the 
two shorter columns. In both cases the single Rd model greatly under predicts the 
activity retained during the flooding experiments. This may simply be due to 
differences in porosity and chemical composition between the columns, however the 
columns would have to vary systematically to produce these results. EuHu and I-Hu 
mobility and recovery are not directly related to the length of column used. 
4.6.b Effect of eluant flow rate. 
The effect of changing the eluant flow rate on EuHu and I-Hu migration was measured 
initially at three flow rates (5, 10 and 15cm3h-') both on the same 10cm Clashach 
column and on separate columns. The results from different columns indicate that once 
the changes in porosity have been taken in to account, there is a direct correlation 
between the recovery (as C/Co) of both EuHu and I-Hu and the flow rate through the 
columns. However the total recovery of both species did not show a linear relationship 
with the flow rate. 
The results from the same column showed a direct correlation between the column 
flow rate and both the recovery as C/Co and total recovery of both species. 
The results obtained for two further EuHu and I-Hu migration experiments through 
30cm Clashach columns at 10 and 30 cm3 h-' however showed no change in recovery 
due to the change in flow rate. This may again simply be due to the obvious differences 
between columns. 
To try and eliminate the differences between columns, several columns were packed 
with Cumbrian sand. Migration experiments were carried out with cadmium complexed 
to humic acid and europium complexed to humic acid at 10 and 30 cm3 h-'. 
The total recovery for the EuHu did not vary greatly with the change in flow rate, 
however the CdHu showed a decreases retention factor and increased recovery with 
the increase in flow rate. 
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The effect of increasing flow rate appears under some column conditions to have a 
direct influence on the mobility and recovery of metal humic complexes from columns 
of porous media. 
4.7 Batch Sorption Experiments. 
4.7.a Preliminary studies 
Acid washed polypropylene vials were shown to adsorb the least europium activity and 
used in all batch experiments. The presence ofO.OIM MES buffer was shown to hold 
the vial pH's at the correct values. The time required to reach equilibrium was shown 
to be four weeks both in the presence and absence of humic acid. The adsorption 
isotherm for europium on Cumbrian sand was found to be linear in the presence and 
absence of humic acid. 
4.7.b Rate determination by batch equilibration studies 
The rate ofI-Hu sorption on to pure sand was found to follow a first order rate of 
reaction with a rate constant k of 0.0004 S·l The rate ofEuHu sorption on to pure 
sand was found not to have a first order rate of sorption. Goethite was added to the 
pure sand and the europium sorption with time was repeated. The sorption of 
europium on to pure sand plus 0.46% goethite in the presence and absence of humic 
acid was found to be a complex reaction following neither a first or second order rate 
of reaction. The above was then repeated with cadmium. In the absence of humic acid 
the sorption of cadmium on to pure sand plus 0.46% goethite was found to follow a 
first order rate of reaction. However in the presence of humic acid the reaction was 
found to be complex, following neither a first or second order rate of reaction. 
4.7.c Adsorption or EuHu, I-Hu and EuCI, on crushed Clashach sandstone. 
Clashach sand stone was crushed and sieved to produce three particle size fractions. 
The sorption of EuCh on to the crushed Clashach appeared to be directly proportional 
to the resultant surface area of the crushed particles, however due to the size of the 
errors and extremely large Rd values this may be misleading. The sorption ofEuHu 
and I-Hu on to the crushed Clashach showed increasing sorption with surface area, 
however the sorption on the particles with the largest surface area proved to be larger 
205 
than would be expected. The typical grain size ofthe intact Clashach columns is of the 
order 0.5 - 3.0 mm. Crushing the particles to a size smaller than this, i.e. the smallest 
size fraction used, is likely to reveal new un-oxididised surfaces where higher levels of 
sorption are likely to result. 
Taking this into consideration it can be assumed that the sorption ofEuHu and I-Hu on 
to crushed Clashach is proportional to the surface area ofthe resultant particles. 
4.8 Modelling using NOAB. 
NOAH was used predictively to model the influence of flow rate on EuHu migration 
through Clashach columns. The activity levels predicted by Noah for EuHu build up on 
the Clashach column were of the correct order of magnitude for both the 10 cm3 h" 
flooding and the 15 cm3 h" flooding. However it was seen that as the flow rate 
increased the model under-predicted the rate at which the activity built up on the 
column, and the rate at which it was removed during the downflooding portion of the 
profile. Indeed even for the 5 cm3 h" flooding experiment which was not predictively 
modelled, NOAH underestimated the rate of removal ofEuHu activity from the 
column. 
The effluent activity profiles on the other hand were all well approximated by the 
model. Again however, due to the under-estimation of the rate of removal ofEuHu 
from the column, NOAH under-predicted the level of tailing present in all three 
profiles. 
The above results showed that for situations where the mobility of the species of 
interest is kinetically controlled it would be difficult to use NOAH in a predictive 
manner. This is due to the assumption within the model that the reactions occurring 
within the system are spontaneous and not subject to kinetic restraint. 
It was not possible within this experimental work to use NOAH in a purely predictive 
manner for experiments on different columns as the parameters a, /3, and 1], needed 
adjustment to account for the differences between the columns. 
However the model has been successfully used to model the migration of metals and 
metal humic complexes through columns of porous media. 
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6.0 Appendix 
6.1 Complexation of humic material with increasing europium concentration. 
When carrying out batch experiments and column flooding experiments it is necessary 
that there is sufficient activity in solution to allow accurate measurement and 
minimisation of counting errors. The 152EuCh stock solution supplied contained both 
inactive and active metal. It was therefore necessary to determine how much europium 
could be added to the humic acid before precipitation occurs. 
The amount of europium complexed to solutions of 40mgl-1 and 2Omgl-1 humic acid, 
was increased using inactive EuCh.6H20. 
0.0193g ofEuCh.6H20 (FW = 366.41) were added to a 25cm3 volumetric and made 
up to volume. Giving a europium concentration of2.107 x 10-3 M. 2.5cm3 of this stock 
were diluted to 25 cm3 to give a secondary stock solution with a europium 
concentration of2.1 x lO-4M. Successive 10 fold dilutions were carried out to give a 
range of concentrations from 2.1 x 1O-3M to 2.1 X lO-sM. 
The absorbance of the prepared humic acid solutions was measured at 250nm, 2S4run, 
and 400nm, giving concentrations of41.4mgl-1 and 20.5mgl-1. The absorbance maxima 
of the EuCh solution was determined to ensure that it did not interfere with the 
absorbance of the humic acid. A peak was obtained at 211 run and did not interfere. 
10cm3 of each humic acid solution were placed in 14 vials. 0.5cm3 of the europium 
solutions were then added to each vial, leaving two with no europium as controls. The 
vials were then left for two weeks to equilibrate. 
The absorbance of the EuHu solutions in each vial was measured at 2S0nm and at 
400run. The results are given in table 6.1 and shown in figure 6.1. 
The humic material was found to start precipitating out of solution at a europium 
concentration of 1 x 10-sM. Hence europium concentrations of 1 x 10-sM would be 
suitable for both batch and column experiments. 
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Table 6.1: Complexation of europium with humic material. 
Absorba nee of Absorba nee of % in solution % in solution 
20ppm solution 40ppm solution (20 mgr') (40 mgr') 
[Eu] 250nm 400nm 250nm 400nm 250nm 400nm 250nm 400nm 
(M) 
0 0.524 0.129 1.094 0.268 1.000 1.000 1.000 1.000 
1.0E-09 0.527 0.128 1.095 0.266 1.005 0.992 1.001 0.993 
1.0E-08 0.531 0.127 1.099 0.269 1.013 0.984 1.004 1.004 
1.0E-07 0.533 0.129 1.04 0.256 1.017 1.000 0.951 0.955 
1.0E-06 0.529 0.13 1.081 0.265 1.009 1.008 0.988 0.989 
I.OE-05 0.363 0.092 1.08 0.239 0.693 0.713 0.987 0.892 
1.0E-04 0.052 0.004 0.114 0.D11 0.099 0.031 0.104 0.041 
Figure 6.1: Percentage humic material remaining in solution 
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6.2 Humic acid coating of sand. 
An estimate of the maximum possible covering power of humic acid on 1.0g of fresh 
sand with a surface area of 0.3705 +/- 0.0087 m2 g-I can be made as follows: 
Assume that the humic acid molecules have a radius of 1 x 10-9m (360) and a spherical 
shape, the maximum area able to be covered is 4.0 x 1O-18m2. Therefore based on an 
average molecular mass of 15000 for humic acid (same rei), the maximum possible 
cover resulting from the deposition of all the humic acid in a 0.011 sample ofa 10 
mg rl solution, i.e. O.OOOlg humic acid on to 1.0g of sand is given by 
0.0001/15000 * 6.023 x 1023 * 4.0 X 10-18 m2 = 0.01606m2 
This worst case scenario gives 0.016/0.3705 x 100% = 4.3% covering with 95.7% of 
the original surface uncovered. 
The decrease in porosity of a 30 cm Clashach column coated with humic acid is from 
0.1816 to 0.1607 caused by the retention of214.13 mg humic acid during equilibration 
of the column with 17 I of 40 mg rl humic acid. 
The maximum surface area covered is given by 
0.21416/15000 *6.023 x 1023 * 4.0 X 10-18 m2 = 34.397 m2 
The average surface area for the same batch of columns has been calculated to be 0.97 
± 0.21 m2g-1 (92). 
The column mass is 1343.23 g, giving a total surface area of 1302.9 m2. 
Hence only 2.64% of the column surface is coated with humic acid. 
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6.3 Colourimetric analysis of aqueous iron samples. 
The quantity of iron present in aqueous samples was determined using a colourimetric 
method (354), where a solution of I,IO-phenanthroline is added to the samples, to 
produce a coloured complex when iron is present. The absorbance wavelength of 
which relates to the oxidation state of the iron in the reaction with a linear relationship 
obtained between the concentration of iron in the samples and the absorbance of the 
coloured complex produced. The absorbance of the Fe(II) complex being measured at 
512 nm and the total iron, Fe(II) + Fe (III), being measured at 396 nm between pH's 3 
and 5. Calibration plots were produced by placing 10 cm3 samples of suitable 
concentrations of standard solutions of 1000 mgr! ferrous an!ffionium sulphate and 
ferric an!ffionium sulphate (AR grade Fisons PLC) in to 25 cm3 volumetrics, adding \0 
cm
3 
of 0.3% I, I O-phenanthroline, and adding 5 cm3 of ascorbic acid where necessary, 
and making up to the mark with O.3M NaCI / O.IM HC!. 
The addition of the reducing agent, (ascorbic acid), reduces any Fe(III) present to 
F e(II) to avoid the problems of anion interference which can affect the absorbance 
obtained at 396 nm. Hence total iron content could be determined at S12nrn. 
The baseline for the UV scan was run on 10 cm3 I, IO-phenanthroline added to 15 cm3 
O.IM HCI / 0.3M NaCl. The results are shown in table 6.2 and figure 6.2. 
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Figure 6.2: Calibration plot for Fe(II) 
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Table 6.2: Calibration results for Fe(ll) 
Conc. ofFe(ll) Abs@ Abs@ Conc. of Abs@ Abs@ 
396 run 512 run Fe(ll) 396 run 512nm 
1.00 0.020 0.075 7.50 0.196 0.634 
1.25 0.032 0.106 10.00 0.239 0.798 
1.25 0.035 0.107 10.00 0.355 1.156 
1.25 0.028 0.095 12.50 0.305 1.018 
1.88 0.051 0.164 12.50 0.310 0.981 
2.50 0.060 0.197 15.00 0.445 1.446 
2.50 0.065 0.215 25.00 0.644 2.032 
2.50 0.055 0.192 25.00 0.599 1.893 
3.75 0.092 0.304 50.00 1.162 2.674 
3.75 0.089 0.289 50.00 1.197 2.767 
5.00 0.126 0.414 100.00 2.314 2.847 
5.00 0.120 0.406 100.00 1.882 2.752 
5.00 0.124 0.409 100.00 2.262 2.783 
6.25 0.153 0.503 
To ensure that any Fe(llI) present was converted to Fe(II) by the addition of ascorbic 
acid, varying concentrations of a Fe (1lI) solution were prepared and their absorbance 
measured with and without the addition of differing concentrations of ascorbic acid. 
Fe(llI) without ascorbic acid gave an absorbance maxima at 370 run, and this was 
used, in conjunction with the increasing absorbance at 512 run, to determine the 
concentration of ascorbic acid required to reduce all the Fe(Ill) to Fe(II). 
The results are given in table 6.3. 
It is clear that until ascorbic acid concentrations of 4 x 10-3 M are reached (i.e. 1 cm3 of 
O.lM ascorbic acid in 25 cm\ there is little reduction ofFe(llI) to Fe(II). 
When 2 x 10-2 M ascorbic acid is added it can be seen that a plateau has been reached 
where no further Fe(III) is reduced to Fe(II), within experimental error. 
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Table 6.3: Reduction of Fe(III) to Fe(ll) by ascorbic acid. 
Conc. of Abs@ Abs@ Conc. of Resultant Resultant 
Fe(III) mgl-1 370nm 512nm ascorbic acid Abs@ Abs@ 
due to due to added (M) 370nm 512nm 
Fe (Ill) Fe(II) 
25 0.663 0.026 2 x 10-4 0.706 0.028 
100 1.708 0.054 2 x 10-4 2.183 0.078 
200 2.839 0.067 2 x 10-4 2.920 0.153 
200 2.839 0.067 2 x 10-' 2.795 0.074 
200 2.839 0.067 4 x 10-5 2.820 0.083 
200 2.839 0.067 8 x 10-5 2.787 0.087 
200 2.839 0.067 4 x 10-4 2.847 0.240 
100 1.708 0.054 2 x 10-4 2.183 0.078 
lOO 1.708 0.054 4 x 10-3 0.695 2.740 
lOO 1.708 0.054 2 x 1O-' 0.709 2.768 
A calibration plot was produced for Fe(III) reduced to Fe(II). The data is given in table 
6.4, and the results are shown in figure 6.3. 
Table 6.4: Calibration results for Fe(llI) reduced to Fe(ll) 
Conc of Abs@ Abs@ Conc of Abs@ Abs@ 
IFe(III) 396nm 512nm ~e(III) 396nm 512nm 
1.25 0.035 0.107 12.50 0.3 10 0.981 
2.50 0.060 0.197 18.75 0.445 1.446 
3.75 0.092 0.304 25.00 0.599 1.893 
5.00 0.126 0.414 50.00 I.l62 2.674 
6.25 0.153 0.503 100.00 2.262 2.783 
244 
Abs 
5.0 
4.0 
3.0 
2.0 
1.0 
0.0 
o 
y = -0.0006X2 + 0.0837x + 0.0188 
R2 = 0.9959 
.. 2 
Y = -lE-05x + 0.023 
R = I 
20 40 60 80 
[Fe] (mg rl) 
. 5 
100 
When analysing the data from acid washing the columns, there were problems solving 
negative square roots from the quadratics. Since the concentration of iron in the 
samples eluting from the acid-washed columns were lower than 25 mg ri, a final 
calibration plot for total Fe(II) was produced. The linear slope was drawn through the 
points obtained for concentrations less than 25 mgrl. This calibration plot is shown in 
figure 6.4 and was used for all of the colourimetric analysis. 
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Figure 6.4: Calibration Plot for Total Fe(II) 
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• Abs@512nm 
- Linear (Abs @ 512nm) 
20 25 
6.4 Calculation of errors within batch experiments. 
A -A 
Calculation of batch Rd given by 0 A x 10 cm3 g-! for the conditions used in this 
thesis (361). 
If the standard deviation of Ao and A is ao and a respectively, then taking the linear 
combination Ao - A, gives (Ao ± ao) - (A ± a) = Ao - A ± (ao2 + a2)"2 = B ± b. 
The multiplicative expression can then be calculated as 
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6.5 Spectra of humic acid. 
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7.0 Future work 
Column length - The sorption of europium along differing length Clashach columns 
was not predictable using a simple one Rd model. This may be due to the heterogeneity 
of either the Clashach sandstone, or the humic material. It would be possible to 
eradicate the heterogeneity of the Clashach material by using a simpler column 
material, for example packed columns of pure sand. If a simple Rd model is still unable 
to predict the sorption of europium on to differing lengths of column then it may be 
deduced that the source of the heterogeneity was the humic material itsel£ 
Flowrate - The mobility of cations through geological media has been shown to be 
greatly influenced by changes in flowrate. With greater recovery being obselVed at 
increased flowrates. This is an important finding as the majority of transport models 
are based on the local equilibrium assumption. The influence of flowrate on other 
cations through differing media may indicate a requirement for transport kinetics within 
the models. 
Mobility - The influence of cations such as iron on the mobility of other ions through 
the environment has suggested a large area of research, for example is the iron content 
proportional to the recovery or mobility of ions such as Eu3+. 
Modelling - Further modelling of the experimental results using predictive models is 
currently being carried out by Nick Bryan at Manchester University. 
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